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Abstract
Landslides present a geomorphological hazard in alpine regions, threatening life,
infrastructure and property. Presented in this thesis is the development of a new
Regional Landslide Inventory (RI) for the European Alps. The new inventory is
used to investigate links between landslide size and frequency in the European Alps
and weather and climatic controls. Temperatures in the European Alps have risen
by ∼ 2◦C since the end of the Little Ice Age (LIA); a trend which is set to continue.
Previous research has shown that past landslide clusters are centred around periods
of significant climate change, thus understanding how this translates to the current
warming trend is important both for communities living in the European Alps and
for the insurance industry.
The RI compiled here, provides a substantial temporal and spatial picture of
landsliding in the Alps; with particular focus on the Swiss and French Alps. The
temporal distribution and estimates of completeness were tested through the use of
segmented models, scaling relationships and area-frequency distributions; the post-
1970 portion of the database is considered most complete, although underestimating
the frequency of medium-sized landslides.
Analysis of the RI in the context of synoptic weather types demonstrates that
high precipitation over the European Alps is consistent with higher landslide fre-
quencies. Whilst analysis with climate data show that annual landslide frequencies
are correlated with changes in precipitation and temperature across the European
Alps; accounting for up to 35% of the seasonal variation in landslide frequency.
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GCM Global Climate Model
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LGM Last Glacial Maximum
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landslide The term landslide is used throughout this thesis. It is a broad
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Chapter 1
Introduction
This study is concerned with the effect of weather and climate on the size and
frequency of landslides in the European Alps. Mountain environments provide an
important source of natural resources, such as timber, food and water, for commu-
nities that live in and around them (Owens & Slaymaker, 2014; Maroschek et al.,
2015). The changes in the climate that have been recorded over the 20th Century are
an important issue for mountain regions such as the European Alps (Beniston, 2003;
Wood et al., 2015; Keiler & Fuchs, 2016a), impacting on these resources through
increases in temperature (Beniston, 2004; Beniston & Stephenson, 2004), glacier
recession (Haeberli et al., 1999; Zemp et al., 2006), permafrost melt (Haeberli &
Beniston, 1998; Haeberli et al., 2016), changes in synoptic weather patterns and the
distribution, frequency and intensity of storms (Beniston et al., 2007; Boer, 2009;
Christidis et al., 2015; Fischer & Knutti, 2015; Farinotti et al., 2016; Kellermann
et al., 2016). These changes are having a significant impact on the size and nature
of natural hazards, such as landslides (e.g. Keiler et al., 2010; Haeberli et al., 2016;
Papathoma-Ko¨hle et al., 2016). To date, the impacts of the late 20th Century warm-
ing on landsliding remain undetected in the observational landslide record (Stoffel
& Huggel, 2012; Huggel et al., 2012), and so uncertainty remains with regard to
how these impacts may propagate under the predicted continued climate warming.
In order to address this issue, a comprehensive historical landslide inventory is re-
quired to assess links between climate, weather and landsliding in order to facilitate
landslide predictions under future climate scenarios.
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1.1 Landslides, climate and weather
Whilst landslides are triggered by a number of factors, including earthquakes (Keefer,
2002; Malamud et al., 2004b; Meunier et al., 2008), and anthropogenic factors such
as the removal of slope toes at road cuts (Barnard et al., 2001), the recent warming
in the European Alps has also been implicated in an increase in geomorphological
hazards (Theurillat & Guisan, 2001; Fuchs & Bru¨ndl, 2005; Keiler et al., 2010). The
influences of both precipitation and temperature on the incidence of landsliding have
been shown to act over a wide range of timescales; over short time-scales (hours to
weeks), weather patterns affect the incidence of landsliding (e.g. Dehn & Buma,
1999; Iverson, 2000; Chemenda et al., 2005; Zeˆzere et al., 2005; Lollino et al., 2006;
Guzzetti et al., 2007; Keefer & Larsen, 2007; Marques et al., 2008; Petley, 2012;
Wood et al., 2016), while longer term changes in the climate, on timescales of up to
hundreds of years, can modify these synoptic-scale weather patterns (Paredes et al.,
2006; Boe´ & Terray, 2008; Lopez-Saez et al., 2010), whilst the effects of glacial reces-
sion and permafrost degradation provide the establishment of antecedent conditions
which influence slope propensity to failure (e.g. Dramis et al., 1995; Stoffel et al.,
2014). Landslide triggers are often complex as antecedent conditions over these
different timescales can manifest as lags existing between the climate or weather
trigger and the landslide event (Lollino et al., 2006).
The role of precipitation in landslide initiation is well-established (through fluc-
tuations in groundwater content and pore-water pressures; e.g. Dehn et al., 2000;
Iverson, 2000; Dai & Lee, 2001; Peruccacci et al., 2012; Saez et al., 2013a), with
increased rainfall being linked with an increased frequency and magnitude of land-
sliding (Corominas & Moya, 1999; Dai et al., 2002). Temperature fluctuations can
affect mechanical weathering and permafrost degradation in mountain environments,
exaggerating the depth of permafrost melt and rock weathering, thus affecting the
potential failure volume and landslide frequency (Mazzoccola & Hudson, 1996; Mat-
suoka et al., 1998; Gruber et al., 2004a; Frayssines & Hantz, 2006). Increases in
temperature over the latter part of the 20th century have been associated with
widespread permafrost degradation and glacial recession in mountain environments,
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leading to the debutressing and destabilisation of slopes through the resultant re-
laxation of internal stresses and changes in freeze-thaw regimes (e.g. Dramis et al.,
1995; Haeberli & Ho¨lzle, 1995; Abele, 1997; Haeberli & Beniston, 1998; Chigira,
2002; Gruber et al., 2004a,b; Scha¨r et al., 2004; Chemenda et al., 2005; Cossart
et al., 2008; Harris et al., 2009).
Long term changes in the climate, on timescales of up to hundreds of years, can
also influence seasonal weather patterns (Paredes et al., 2006; Boe´ & Terray, 2008;
Lopez-Saez et al., 2010), with researchers finding clusters of landslides occurring
during periods of significant climatic change (e.g. Patzelt, 1987; Raetzo-Bru¨lhart,
1997; Dapples et al., 2003; Soldati et al., 2004; Holm et al., 2004; Prager et al., 2007).
Mechanisms behind such historic landslide clusters principally include changes in
temperature, precipitation distribution and intensity, and associated deglaciation
and permafrost melt (Patzelt, 1987; Soldati et al., 2004; Prager et al., 2007). Despite
the recent warming recorded towards the end of the 20th Century and into the
21st, the anticipated pattern of increased landslide frequency (e.g. Keiler et al.,
2010) remains largely undetected in the observational record (Stoffel & Huggel,
2012; Huggel et al., 2012); thus providing the impetus for this research.
1.2 Study region and context
1.2.1 The European Alps
The European Alps are part of the Greater Alpine Region (GAR) which lies between
4◦ to 19◦ East and 43◦ to 49◦ North, crossing five national borders (Figure 1.1). Both
bedrock geology and topography are highly varied across the region with the highest
peaks reaching ∼4500m above sea level (John et al., 1983; Fitzsimons & Veit, 2001).
Terrain ranges from forested areas to urban settlements, with a wide climatic range;
whereby lakes and ∼800 glaciers (WGMS, 2014) provide evidence for this diversity.
There has been a ∼ 2◦C rise in temperature across the European Alps since
the end of the Little Ice Age (LIA) (∼1850 A.D.) resulting in widespread deglacia-
tion, leaving behind steep and unvegetated slopes (Haeberli et al., 1997; Haeberli
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Figure 1.1: Settlements across the European Alps with population >1000. Settlements with popu-
lation >15,000 have been named. Data are from the GeoNames database (http://www.geonames.
org/).
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& Beniston, 1998; Fischer et al., 2006; Haeberli et al., 2008; Keiler et al., 2010;
Papathoma-Ko¨hle et al., 2016). This situation has led to an increase in natural
hazards, such as glacial lake outburst floods, flooding, avalanches and landsliding
(Katz & Brown, 1992; Haeberli & Beniston, 1998; Keiler, 2004; Keiler et al., 2005;
Fischer et al., 2006; Keiler et al., 2006; Hilker et al., 2009; Keiler et al., 2010). While
the marked increase in deglaciation in this area can be directly linked to late 20th
Century warming (e.g. Haeberli & Beniston, 1998), the expected change in the dis-
tribution and frequency of landslide events has so far failed to be detected in the
observational record (Stoffel & Huggel, 2012; Huggel et al., 2012). It is posited in
this thesis that this is in part due to the inconsistent recording of landslide timing,
frequency and magnitude in the region.
The European Alps have been chosen for this study as they are amongst the
most heavily developed mountain regions in the world (with a population of 60
inhabitants km−1, CIPRA, nd, and Figures 1.1 and 1.2) and are affected by a range
of natural and human induced hazards. Populations in the European Alps grew
by 172% between 1870 and 1990 (Ba¨tzing et al., 1996), however, the pattern is not
consistent across the region, with some areas seeing a higher population increase
than others (Figure 1.2). Increasing populations and the growth of infrastructure in
the European Alps necessitate an understanding of the impacts of climate change on
landslide frequency and magnitude in the region. The European Alps are home to
much research on landslides (including datasets and numerous publications), with
the regional climate also being extensively researched over time (e.g. Huggel et al.,
2002, 2012; Schmocker-Fackel & Naef, 2010). In the European Alps there is a high
potential to investigate the relationship between changing climate and landsliding.
1.2.2 Landslide risk: implications for insurers
The term risk is used by different agencies in different ways. For climate change
scientists, the term is used in relation to the risks posed by climate change, and
usually refers to the chance of an event happening; i.e an increased risk of flooding
due to sea level rise, or changes in the timing of the monsoon, and also to the risks
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Figure 1.2: Population change in the European Alps between 1950 and 2000. Available on-
line from http://alpsknowhow.cipra.org/main_topics/development_trends/development_
trends_chapter2.html.
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that these pose to human populations. For geomorphologists, the term risk is much
more linked with specific hazards in the different fields; i.e. relating to the chances
of an event occurring, and the risk of this imposing or affecting populations. For
insurers, risk is much more intrinsically linked with the financial costs caused by
such events.
Research has shown that costs to the insurance industry due to anthropogenic
climate change have been increasing (Barredo, 2007; Hilker et al., 2009; Bouwer,
2011; Holub et al., 2012; Meyer et al., 2013), and there is a growing consciousness
within the insurance industry that climate change is altering the nature of extreme
weather events (Mills, nd; Lloyds’ of London, 2006; Toumi & Restell, 2015; Lloyds’
of London, 2015b; Prudential Regulation Authority, 2015). A study from Switzer-
land, found that naturally triggered floods, debris flows, landslides and rockfalls,
cost ∼e8000 million over the period 1972 to 2008; with flooding and debris flows
contributing e7,460 million, and landslides and rockfalls e530 million (Hilker et al.,
2009). A more recent study suggested the average economic loss from landsliding as
∼e4.7 billion yr−1 across Europe (Haque et al., 2016). Within the insurance indus-
try, initiatives such as the Lloyds’ of London (2006) 360 Risk Project, acknowledge
the links between 20th Century warming and the increased likelihood of landslide
occurrence (citing Miles M. and Associates Ltd, 2001, in the report). However, de-
spite the need to calculate risk effectively, it can be problematic for regions such as
the European Alps where population dynamics are temporally and spatially variable
(Fuchs et al., 2013).
The risks posed by climate change, specifically from landsliding, in the European
Alps are considerable and have important implications for the insurance industry
given the high levels of infrastructure, tourism and leisure-based development in the
region (e.g. Elsasser & Bu¨rki, 2002; Keiler, 2004; Keiler et al., 2006; Beniston, 2007;
Steiger, 2010; Gobiet et al., 2014; Haque et al., 2016, see also Appendix one, Figure
1). Overall, there are a lack of data from which to assess the risks posed by natural
disasters due to discontinuities in recording, and a lack of process understanding
with respect to landsliding and climate change (Bouwer, 2010; Meyer et al., 2013;
Papathoma-Ko¨hle et al., 2015; Gariano & Guzzetti, 2016). There can also be sig-
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nificant inconsistencies and disparities between existing inventories and databases,
rendering them ineffectual for regional scale hazard assessments (Hilker et al., 2009;
Meyer et al., 2013). Understanding how risk may change in the future, assessing
the role of mitigation and adaptation on emerging and changing risks, in particular
the influence of a changing climate on the magnitude and frequency of events, will
be of value to insurers (e.g. Bouwer, 2010).
1.2.3 Landsliding and landslide inventories in the European
Alps
There is a long history of landslide research in the European Alps (e.g. Peter, 1938;
Buisson, 1952; Abele, 1974; Nieuwenhuijzen & Van Steijn, 1990; Couture et al., 1997;
Bertran, 2003; Casson et al., 2003; Giardino et al., 2004; Meric et al., 2005; Squarzoni
et al., 2005; Deline, 2009; Hilker et al., 2009; Van Den Eeckhaut et al., 2010, 2012;
Van Den Eeckhaut & Herva´s, 2012; Wood et al., 2015, 2016). The focus of this
previous research can be broadly split into two; some research is based on obtaining
a picture of landslide triggers and distribution at the basin scale up to regional
susceptibility analyses, whilst other research focusses on the power-law statistics of
landslide inventories. Landslide inventories can therefore be split into two; historical
inventories which are compiled over a number of years, and modern inventories in
which landslides are systematically documented across an area following a single
triggering event (such as an earthquake).
Historical databases are typically compiled from newspaper articles, scientific
and technical papers, through institutions (such as the Geologische Bundesanstalt
and the Bureau de Recherches Ge´ologiques et Minie`res databases) and from insur-
ance markets (e.g. Guzzetti, 2000). The recording of these historic landslides will
therefore depend on the cultural context and variation between countries encom-
passing the European Alps due to the relationship that people share with their
natural environment (Harmsworth et al., 2005). The reporting of natural hazards
may be time-sensitive, with other events taking higher precedence, and may also
depend on which events result in the highest number of deaths, or the greatest fi-
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nancial costs to each country. Given that, for landslides, fatalities depend on speed
of movement, this again will vary across the European Alps as this is influenced by
the underlying geology, topography and trigger (Guzzetti, 2000). Landslides have
been documented increasingly in European-wide inventories and databases, giving
a first picture of their spatial distribution and highlighting regions with high lev-
els of landslide susceptibility (Ayalew & Yamagishi, 2005; Herva´s et al., 2010; Van
Den Eeckhaut et al., 2012; Van Den Eeckhaut & Herva´s, 2012, see also Appendix
one, Figure 1). Many of these inventories however, remain incomplete, and fail to
record consistently the timing and size of landslides, which is fundamental to the
determination of the trigger mechanism (Herva´s et al., 2007; Gu¨nther, 2008; Herva´s
et al., 2010; Bell et al., 2012).
The temporal range covered by individual landslide inventories is variable. His-
torical inventories typically consider landsliding over a range of time periods from
millennia to decades (Raetzo-Bru¨lhart, 1997; Glade, 2001; Dapples et al., 2003; Sol-
dati et al., 2004; Prager et al., 2007; Bureau de Recherches Ge´ologiques et Minie`res,
2013a; Geologische Bundesanstal, 2013), while the temporal activity of landsliding
is commonly overlooked by modern inventories which are primarily concerned with
quantitatively assessing the statistical relationships between landslide size and fre-
quency (e.g. Van Beek & Van Asch, 2004; Malamud et al., 2004a,b; Guzzetti et al.,
2002). As such, modern inventories tend to centre on basin-scale landslide clusters
occurring over short periods of time, often relating to a single trigger event (e.g.
Guzzetti et al., 2002; Malamud et al., 2004a). Modern inventories are collated in
the hours, days or weeks after the triggering event, while historical inventories are
collated over years and decades to offer a representation of the nature of landsliding
in an area over time. Due to the long-term nature of such inventories, metrics such
as landslide size, are frequently omitted; however, obtaining a concise spatial and
temporal distribution of landsliding is important for risk management (Crozier &
Glade, 2006). Despite the extensive scientific research on landslides in the European
Alps, data access is limited and the extraction of data from journals, printed and
online media can be time-consuming, exacerbated by a lack of detailed location data
for landslides, which is often given at the regional level or from small-scale maps.
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Figure 1.3: Taken from Wood et al. (2015). Figure showing the fields which are required for a
comprehensive landslide inventory.
Full exploitation of the risk management and assessment capabilities of landslide
inventories requires data appropriate to the application of inventory statistics and
susceptibility mapping. For wider analysis, date, location, size and the type of
landslide must be routinely recorded, while failure to discriminate between differ-
ent landslide classes restricts investigations into trigger mechanisms and long-term
trends. This is easy for modern landslide inventories; however, historical inventories
cover wider areas and regions and these indicators are highly variable through space
and time. This wide range of descriptive landslide metrics (which also include to-
pography and geology) need to be organised and recorded in a standardised format
to ensure that all relevant data are included and maintained in order to fully exploit
the capabilities of the inventory for attribution studies (see Figure 1.3).
1.3 Objectives and organisation of the thesis
The translation from inventory to risk is difficult, as risk is based on several com-
ponents: a) the location of populations, b) landslide type, c) trigger, d) spatial
distribution, and e) temporal distribution (after Sorriso-Valvo, 2002). This the-
sis discusses the development of a new regional landslide database collated for the
European Alps based on the compilation of existing datasets for the region. The
emphasis of this inventory is to include, where possible, the date of landslide initi-
1.3. OBJECTIVES AND ORGANISATION OF THE THESIS 33
ation, location and an indication of size. A historical inventory of this nature will
be able to offer time-sensitive insights into how changes in the climate affect the
frequency and magnitude of landslides.
The term landslide is used throughout this thesis in relation to the Regional
Landslide Inventory (RI). In this instance it should be noted that this is a generic
term which relates to all classifications of landslide. When referring to individual
classifications, these are referred to by name (as described in Table 2.4).
The thesis has two foci, and is built around a series of research aims and ques-
tions: the primary focus is to compile a Regional Landslide Inventory (RI) of land-
slides for the European Alps1 (Chapters 2, 3 and 4); the second is to consider
attribution, and seeks to determine whether the RI can be used to detect changes
in the frequency and size of recorded landslides, coinciding with changes in synoptic
weather patterns (Chapter 5) or changes in the climate (Chapter 6). Each research
chapter (2, 3, 4, 5 and 6) includes a literature review specific to the topic covered in
the chapter. The following research aims and questions (Section 1.3.1) are revisited
throughout the literature reviews, with reference to the specific literature to which
they pertain.
1.3.1 Research aims and questions
Chapter 2: Regional Landslide Inventory (RI) - Level 1
The content of this first research chapter was published in Geomorphology, and
thus is largely based on Wood et al. (2015, Appendix four). This chapter covers
the initial compilation of the Regional Landslide Inventory (RI). Here, all of the
different source datasets which make up the RI are compiled into one homogenised
inventory. The chapter is based around the following research aims and questions.
The first deals exclusively with compilation:
1this compilation is expressed through three levels, whereby each level represents an additional
layer added into the RI through either extracting data from external sources (such as the compi-
lation of the RI in Chapters 2, or through the addition of aspect, elevation, etc. in Chapter 4) or
through other analyses (such as those described in Chapter 3)
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Research Aim 1 To create and compile a unified Regional Landslide Inventory
(RI) for the European Alps to include important metrics for detection and attribution
studies (identified in Figure 1.3).
Landslide initiation is very much dependent on the trigger mechanism, and also
the landslide type; if connections are to be made between the two then it is important
to understand differences between landslide types. Therefore, the following aim is
concerned with creating unified landslide definitions across the inventory:
Research Aim 2 To unify landslide definitions across the RI and between the dif-
ferent source datasets.
Landslide databases fall into one of two categories; historical inventories record
landslide occurrence over time for a specific region, and modern inventories which are
primarily collated after a single triggering event for the application of statistics (see
Section 1.2.3). Landslides in modern inventories usually fall in a single catchment,
and are often defined by the process movement and trigger (e.g. Stark & Hovius,
2001; Malamud et al., 2004a). Although regional-scale studies have also investigated
inventory (power-law) statistics (Guzzetti et al., 2002), these fail to discriminate
by process which hinders links between landsliding and the climate as trigger and
process are intrinsically linked. Landslide classification has changed over time; from
the first classification system defined by Varnes (1978), through to the addition of
velocity in the Cruden & Varnes (1996), and has been continually evolving since
(Hungr et al., 2001; Jakob, 2005; Hungr et al., 2014). It therefore follows that as
these definitions have evolved, the recording of the different classifications may be
inconsistent through time. In addition, the history of Europe over the 20th Century
has included two world wars, regional conflict and changes to national borders, and
it is likely that this too has hindered and interrupted the consistency in recording
of landslides.
In order to understand links between the climate, weather and the incidence
of landsliding, it is important to ensure that any changes in landslide frequency
are real, and not as a result of recording biases. The following research question
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deals with the temporal recording of landslides within the newly created database,
to ascertain whether there are breaks in recording frequency across the different
landslides classes2. Here the different classes of landslide are considered individually
to see whether they have been consistently recorded throughout the duration of the
RI:
Research Question 1 Have different classes of landslide been consistently recorded
throughout the duration of the RI?
Chapter 3: Statistics of inventories - Level 2
The content of this second research chapter was published in Geomorphology, and
thus is largely based on Wood et al. (2015, Appendix four). This chapter deals with
landslide size, and how this is recorded across the Regional Landslide Inventory (RI).
There is a well-documented power-law relationship which exists between landslide
size and frequency, and is commonly used for modern inventories to assess com-
pleteness (e.g. Stark & Hovius, 2001; Guzzetti et al., 2002; Malamud et al., 2004a).
In this second chapter, the established power-law relationship is used to assess the
completeness of the newly created RI. The first part of the chapter uses established
relationships between recorded area and volume to estimate landslide area where it
has not been recorded in the source inventory. These estimates are then added into
the RI to form the second level of the inventory.
Research Aim 1 To use the well-established log-linear relationship between landslide
area and volume extrapolate landslide area from volume for landslides in the RI.
As discussed in the previous section, modern inventories are frequently recorded
for the purpose of investigating the power-law statistics of landslide size-frequency
distributions (Stark & Hovius, 2001; Malamud et al., 2004a,b) however, these can
neglect to differentiate between the different landslide classifications (Guzzetti et al.,
2002) which is of importance when considering the effects of climate change on land-
slide occurrence. These landslide-size distributions have been shown to be robust for
2The different landslide classes are described after Varnes (1978) and are detailed in Tables 2.1
and 2.4
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both modern and historical inventories (Guzzetti et al., 2002; Torgoev et al., 2010)
and so can be used to estimate the completeness of inventories. The second part of
the chapter considers this well documented power-law relationship between landslide
size and frequency. Here this relationship is used to estimate the completeness of
the RI:
Research Question 1 Do the landslides recorded in the RI follow the well-established
power-law distribution that is commonly reported for landslide inventories?
Chapter 4: Topographic and geologic controls - Level 3
The third research chapter presents the final level to the compiled Regional Landslide
Inventory (RI). Important controls on landslide type, size, frequency, and spatial
distribution include: topography, in particular slope gradient and curvature, aspect
and elevation (Van Asch & Sukmantalya, 1993; Guzzetti et al., 1996; Terlien, 1998;
Dai et al., 2002; Santacana et al., 2003; Naoum & Tsanis, 2004; Ayalew et al., 2004;
Ayalew & Yamagishi, 2005); geological controls, such as lithology, bedding structure
and faulting (Dai et al., 2002; Santacana et al., 2003; Fourniadis et al., 2007; Grelle
et al., 2011); and seismicity (Varnes, 1978; Keefer, 1984; Pearce & O’Loughlin,
1985; Kargel et al., 2016). These will be dealt with through the following research
questions.
Aspect effects soil moisture content, vegetation cover and orographic precipita-
tion for shallow-failures (e.g. Santacana et al., 2003; Naoum & Tsanis, 2004), while
also playing an important role in freeze-thaw weathering (e.g. Mazzoccola & Hudson,
1996). Elevation is strongly coupled with temperature, which again has a bearing
on freeze-thaw weathering (Mazzoccola & Hudson, 1996). Slope gradient has been
implicated in increased landslide frequency between the range of 15-30◦ at other sites
(Carrara et al., 1982; Carrara, 1983; Burbank et al., 1996; Santacana et al., 2003;
Kargel et al., 2016) and so is an important factor which needs to be constrained for
landslides in the RI. Slope curvature influences the type, location and frequency
of landslides (Guzzetti et al., 1996; Dai et al., 2002; Ayalew et al., 2004; Kargel
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et al., 2016). Critical thresholds for these topographic metrics depend on local site
conditions (i.e. geology, bedding and jointing; Dai et al., 2002; Santacana et al.,
2003; Fourniadis et al., 2007); constraining these for landslides in the context of the
region important and must be included for landslides in the RI. The following re-
search questions are posited to understand how topography influences the different
landslide classes in the RI:
Research Question 1 At what range of elevations, aspect and slope angles are
landslides recorded in the RI, and how do these compare with the region as a whole?
Research Question 2 Are landslides of different classes preferentially distributed
based on slope curvature and over what spatial scales?
Lithological and structural setting have both been shown to directly influence
landslide type, frequency and size (Pearce & O’Loughlin, 1985; Guzzetti et al., 1996;
Kargel et al., 2016). The current lithostratigraphy of the region includes permeable
hard rocks (limestones, sandstones and pyroclastic deposits), overlying softer, imper-
meable (marl and shale) deposits (Fitzsimons & Veit, 2001). Discontinuities in these
rock layers (i.e. bedding, lamination and faulting) provide mechanical and hydrolog-
ical controls on landslide type, distribution, location, timing and frequency (Pearce
& O’Loughlin, 1985; Tibaldi et al., 1995; Guzzetti et al., 1996). Given that different
landslides classes have also been shown to be preferentially distributed depending on
lithological and geologic controls (e.g. Pearce & O’Loughlin, 1985; Guzzetti et al.,
1996; Kargel et al., 2016), it is important to ascertain the influence of these controls
on landslides in the RI. In order to control for these when considering the effect of
climate, the following research questions are posited:
Research Question 3 Are different classes of landslide recorded more frequently
in certain lithologies or geologic groups?
Research Question 4 Does lithology influence the size of landslides recorded in
the RI?
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The European Alps are tectonically active, and the triggering of landslides by
earthquakes is a well-documented phenomenon (Keefer, 1984, 2002; Rodrıguez et al.,
1999; Malamud et al., 2004b; Sidle & Ochiai, 2006; Korup et al., 2007; Meunier et al.,
2008; Ballantyne et al., 2014; Kargel et al., 2016). Furthermore, the tectonic history
of a region influences landslide activity through affecting the degree of bedrock
faulting (Guzzetti et al., 1996). Since the end of the Little Ice Age (LIA), the
European Alps have undergone a period of deglaciation (e.g. Haeberli et al., 1997;
Haeberli & Beniston, 1998; Fischer et al., 2006; Haeberli et al., 2008), which acts as a
driver of seismic events and rock-slope failures in mountain regions (e.g. Grollimund
& Zoback, 2001; Van Vliet-Lanoe¨ et al., 2004; Jarman, 2006; Brandes et al., 2012;
Ballantyne et al., 2014; Zhan et al., 2016). Lithology, location and bedding modify
the influence of earthquakes on landsliding, whilst affecting landslide type (Dramis
& Sorriso-Valvo, 1994; Guzzetti et al., 1996). It is therefore important to control
for seismic landslide triggers and so the final question in this chapter is posited:
Research Question 5 Are any landslides recorded in the RI triggered by earth-
quakes?
Chapter 5: COST733 weather types
The content of this first attribution chapter was published in Climatic Change, and
thus is largely based on Wood et al. (2016, Appendix four). This chapter seeks
to determine whether a relationship exists between the incidence of landsliding in
the Regional Landslide Inventory (RI) and synoptic weather patterns across the
European Alps.
Weather-related landslide triggers include rainfall (Iverson, 2000; Jakob & Weath-
erly, 2003; Zeˆzere et al., 2005; Guzzetti et al., 2007; Keefer & Larsen, 2007; Marques
et al., 2008; Farahmand & AghaKouchak, 2013) and temperature change (Dehn &
Buma, 1999; Chemenda et al., 2005). Empirical rainfall thresholds are often used to
define minimum triggering conditions for landslides (Peruccacci et al., 2012); how-
ever these are often localized, and depend on the quality of available rainfall data
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(Gariano et al., 2015). The use of broader scale synoptic weather conditions can
alleviate this problem although, to date, few studies have addressed this issue (e.g.
Nikolopoulos et al., 2014). Synoptic weather types provide a widely used tool for
analysing weather and climate conditions (El-Kadi & Smithson, 1992; Dayan et al.,
2012; Wood et al., 2016), and as an effective method of downscaling Global Climate
Model outputs (Conway & Jones, 1998; Santos et al., 2016).
Using a catalogue of synoptic weather types (COST733) alongside the Regional
Landslide Inventory (RI) (Wood et al., 2015), the temporal and spatial distribution
of landslides and historical trends in weather types were analysed. Each the weather
type presents a pattern of regional precipitation, temperature and Mean Sea Level
Pressure (MSLP) across the European Alps, allowing for these metrics to be analysed
simultaneously. The following research question is posited:
Research Question 1 Can synoptic weather patterns be used to understand land-
slide frequency and occurrence in a topographically diverse region such as the Euro-
pean Alps?
A number of authors have noted that the proportion of weather types can change
over time, with different circulation patterns becoming more (or less) frequent (e.g.
Paredes et al., 2006; Boe´ & Terray, 2008). Under a changing climate, it is probable
that the proportion of weather types in regions, such as the European Alps, has and
will change in the future (Saez et al., 2013a). This potentially has implications for
landslide projections and so in order to identify changes in the proportion of weather
types through time in relation to landsliding in the European Alps, the following
research question is posited:
Research Question 2 Has the frequency of different weather types fluctuated over
time with recorded landslide numbers?
Chapter 6: Large landslides and climate variability
The recent warming in the European Alps has resulted in permafrost melt and glacial
recession leading to an increase in geomorphological hazards (Abele, 1997; Haeberli
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& Beniston, 1998; Theurillat & Guisan, 2001; Chigira, 2002; Gruber et al., 2004b;
Scha¨r et al., 2004; Chemenda et al., 2005; Fuchs & Bru¨ndl, 2005; Harris et al., 2009;
Keiler et al., 2010). Alongside this rise, temperature variability has also increased
towards the latter part of the 20th Century and into the 21st (Beniston, 2005);
amplifying extremes (e.g. Scha¨r et al., 2004; Casty et al., 2005; Bu¨ntgen et al., 2006;
Cremonese et al., 2016). Both seasonal and mean annual precipitation patterns
have changed over the 20th Century (Casty et al., 2005), and the European Alps
are frequently aﬄicted by heavy precipitation events, due to orography (Schmidli
& Frei, 2005; Gobiet et al., 2014). The European Alps has one of the longest
observational timeseries of climate metrics in the world, and a comparatively high
density network of monitoring stations (Barry, 1994; Frei & Scha¨r, 1998; Bo¨hm et al.,
2001; Auer et al., 2007), providing a unique opportunity to investigate the effects of
these changes on landsliding.
Landslide research is increasingly focused on the role of temperature and precip-
itation change (Buma & Dehn, 1998; Collison et al., 2000; Iverson, 2000; Chigira,
2002; Marques et al., 2008), climate and weather variability, seasonality and stormi-
ness (Dapples et al., 2002, 2003; Szabo´, 2003; Guthrie et al., 2010; Keiler et al., 2010;
Saez et al., 2013a; Gariano & Guzzetti, 2016) and the effects of climate extremes.
Despite this literature discussing these factors at a small (site) scale, these studies
cannot be used for regional hazard assessments given the lack of regional-scale ap-
proaches (Wood et al., 2015). In order to assess which areas are affected by increased
landslide risk, it is important to understand the long term pattern and spatial dis-
tribution of landslides, their nature, trigger mechanisms and ultimately to assess
regional climate projections (e.g Dai et al., 2002; Glade, 2001; Wood et al., 2015;
Gariano & Guzzetti, 2016). Thus, this final attribution chapter investigates large
landslides recorded in the RI to see if there is a relationship between landsliding
and climate. The first research question addresses how the climate of the European
Alps has changed over the 20th Century, while the second puts these changes into
context with regard to the incidence of landsliding in the RI. The third question
then considers changes in temperature and precipitation over different timescales to
ascertain whether these affect the frequency of size of landslides in the RI.
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Research Question 1 What are the temporal pattern of trends and variability for
precipitation and temperature across the European Alps for the post-1970 period
compared with the earlier part of the 20th century?
Research Question 2 Do large landslides (>30m2, as defined in Chapter 3) oc-
cur more frequently in areas where temperature and precipitation trends are more
pronounced, or where there is greater variability?
Research Question 3 What climatic variables might affect the size and frequency
of landslides in the European Alps?
Topography and geology have been shown to affect landslide distributions, and
so are necessary factors to consider. Geology and lithology directly influence suscep-
tibility to different types of weathering (e.g. Mazzoccola & Hudson, 1996; Guzzetti
et al., 1996; Fitzsimons & Veit, 2001), while topographic features affect the spa-
tial distribution of temperature and precipitation in mountain environments (for
example distance to the Mediterranean Sea; Basist et al., 1994; Frei & Scha¨r, 1998;
Haeberli & Beniston, 1998; Weisse & Bois, 2001; Borga et al., 2002; Gruber et al.,
2004b; Beniston, 2005; Masson & Frei, 2014). Therefore, in order to quantify the
relationship between climate and landsliding in a topographically and geologically
region such as the European Alps, it is important to control for these metrics. Thus
the final research question is posited:
Research Question 4 Is landslide size affected by geology, topography and trends
and variability in precipitation and temperature, and if so, over which time scales
and to what extent?
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Chapter 2
Regional Landslide Inventory (RI)
- Level 1
The content of this chapter was published in Geomorphology, and thus is
largely based on Wood et al. (2015, see Appendix four).
2.1 Introduction
In the European Alps, recent population and infrastructure growth have driven calls
to better understand regional geomorphological hazards and risks. While humans
have a direct influence on landslide initiation through infrastructure, development
and planning, climate change has also been implicated in increased landslide risk
(Borgatti & Soldati, 2010; Crozier, 2010; Keiler et al., 2010). The European Alps
have seen a ∼ 2◦C rise in mean annual air temperature (MAAT) since the end of the
LIA (Haeberli & Beniston, 1998), leading to ongoing widespread glacier recession
and changes in the frequency and magnitude of natural hazards such as glacial lake
outburst floods, flooding, avalanches and landsliding (Katz & Brown, 1992; Haeberli
& Beniston, 1998; Keiler, 2004; Keiler et al., 2005; Fischer et al., 2006; Keiler et al.,
2006; Hilker et al., 2009; Keiler et al., 2010). While deglaciation in the Alps can be
directly linked with this temperature increase (Haeberli et al., 1999; Reichert et al.,
2002), recording of the intensity and frequency of mass movements in the region
has been inconsistent over time, restricting the ability of researchers to test their
relationship with changes in the climate (e.g. Stoffel & Huggel, 2012; Huggel et al.,
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2012).
Understanding the spatial and temporal distribution of landslides is important
to the insurance industry and planners due to the risks they pose to life and in-
frastructure (e.g. Hilker et al., 2009; Malet et al., 2010). This provides one of the
key drivers for this research and there is considerable interest from the insurance
industry in understanding how landslide risk may change in the European Alps (e.g.
Lloyds’ of London, 2006).
While much research tends to centre on basin scale landsliding, focussing on
modelling and understanding the mechanisms and precursors that lead to landslide
initiation (e.g. Iverson & Major, 1987; Corominas & Moya, 1999; Corsini et al.,
1999; Flageollet et al., 1999; Bertran, 2003; Casson et al., 2003; Santacana et al.,
2003; Corsini et al., 2005; Meric et al., 2005; Cossart et al., 2008; Owen et al., 2008;
Corona et al., 2011), understanding the relationship between landsliding and climate
change is a regional-scale problem which needs to be assessed at this level through
regional-scale studies (e.g Glade, 2001; Van Den Eeckhaut et al., 2010, 2012; Van
Den Eeckhaut & Herva´s, 2012; Malet et al., 2010). Understanding landslide risk is
a complex issue for heavily populated regions such as the Alps; population density
varies seasonally (Guzzetti, 2006; Fuchs et al., 2013) and property values fluctuate,
changing the value of assets (Lee & Jones, 2004; Keiler & Fuchs, 2016a). In addition,
varying landslide triggers, magnitude, velocity and type influence potential losses
(Lee & Jones, 2004), hence establishing patterns between the spatial and temporal
distribution of landslides and their triggers can facilitate modelling future risk (e.g.
Crozier & Glade, 2006; Van Beek & Van Asch, 2004).
This chapter describes the development of a new landslide inventory for the
European Alps based on the compilation of regional datasets. The aim is to include
the date of landslide occurrence, location and an indication of size in order to gain a
regional-scale picture of landsliding across the European Alps and a perspective on
the frequency and magnitude of landslides. This Regional Landslide Inventory (RI)
will facilitate the interrogation of landslide risk over a wide range of geologies and
topographies, thus providing the first research aim:
2.1. INTRODUCTION 45
Research Aim 1 To create and compile a unified Regional Landslide Inventory
(RI) for the European Alps to include important metrics for detection and attribution
studies (identified in Figure 1.3).
2.1.1 Landslide classification and triggers
Landslides are subject to multiple triggers and processes and so classification pro-
vides a framework from which comparisons between different types of landslide at
different locations can be made Varnes (1978); Cruden & Varnes (1996); Hungr
et al. (2001); Jakob (2005); Hungr et al. (2014). Classifying landslides by process
and trigger assists with the evaluation of mitigation and remediation programmes.
Precursors and trigger mechanisms vary between location and landslide class, and
have been shown to influence the frequency of landsliding in certain areas due to
differences in geology, lithology, topography, and terrain (Dai & Lee, 2001; Dapples
et al., 2002; Soldati et al., 2004). This makes classification across a range of geologies
and topographies paramount for the development of hazard mapping and landslide
predictions.
The two most commonly used methods of landslide classification take velocity,
mechanism and material into consideration. The first, by Varnes (1978), is the most
widely used classification and is based on process, morphology, geometry, movement
and the type of material (Table 2.1). The factors included in this classification
allow for interrogation of the trigger mechanisms and antecedent conditions associ-
ated with the different landslide classes, particularly the inclusion of process, and
movement. The second builds on this and additionally considers the size and rate
of failure (Fell, 1994; Cruden & Varnes, 1996; Jakob, 2005). The Cruden & Varnes
(1996) classification distinguishes landslides by velocity class (Ranks #1 to #7),
which ranks the risk on a scale from low to high risk classes.
Landslide classification, risk and the trigger mechanism are intrinsically linked;
for example, the processes triggering a mud flow, and the velocities at which this
travels down-slope, will be significantly different to that of a rotational landslide.
Therefore, it is not only the classification of landslide which is the most hazardous
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Table 2.1: Abbreviated version of Varnes (1978) classification of slope movements (USGS, 2004).
Type of movement
Type of material
Bedrock
Engineering soils
Predominantly coarse Predominantly fine
Falls Rock fall Debris fall Earth fall
Topples Rock topple Debris topple Earth topple
Slides
Rotational
Rock slide Debris slide Earth slide
Translational
Lateral spreads Rock spread Debris spread Earth spread
Flows
Rock flow Debris flow Earth flow
(deep creep) (soil creep)
Complex Combination of to or more principal types of movement
factor, but the velocity at which it travels (Cruden & Varnes, 1996; Hungr et al.,
2001; Dai et al., 2008). It is therefore essential for the understanding and calculation
of risk that landslides are classified according to process across a region so diverse
as the European Alps.
Landslides can be triggered in a variety of different situations. The most com-
monly documented triggers include earthquakes (Guzzetti et al., 1996; Keefer, 1994,
2002; Malamud et al., 2004b), rainfall (De Vita et al., 1998; Corominas & Moya,
1999; Dai & Lee, 2001; Bui et al., 2013), temperature change (Gunzburger et al.,
2005; Gruber & Haeberli, 2007), glacial recession and permafrost degradation (Dramis
et al., 1995; Haeberli et al., 1997; Gruber et al., 2004a; Fischer et al., 2006; Gruber
& Haeberli, 2007; Harris et al., 2009). The occurrence of a landslide is usually at-
tributed to a single triggering event; e.g. heavy rainfall or an earthquake. However,
antecedent conditions which lead to an overtopping of stable slope conditions, must
also be considered (e.g Julian & Anthony, 1996).
Due to the relationship between trigger and the type of landslide, classification
is important for any inventory which seeks to make connections between the two.
This provides the second research aim:
Research Aim 2 To unify landslide definitions across the RI and between the dif-
ferent source datasets.
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This project ultimately focusses on climatic triggers and antecedent conditions
conducive of landsliding which relate to changes in the climate, with the main factors
being rainfall and temperature change. These conditions have been selected for their
importance as landslide triggers (e.g. Anderson & Sitar, 1995; De Vita et al., 1998;
Corominas & Moya, 1999; Collins & Znidarcic, 2004; Gunzburger et al., 2005; Gruber
& Haeberli, 2007; Melillo et al., 2014; Haque et al., 2016). Over the 20th Century,
the changes in the distribution and intensity of both temperature and precipitation
have been posited important influences to changes in the frequency and magnitude
of natural hazards across the European Alps (Keiler et al., 2010; Haeberli et al.,
2016). Given the long-term trend of these being recorded in the European Alps,
this provides a suitable environment to investigate links between landsliding and
climate triggers in the region. This leads into the first research question of the
thesis, which seeks to test for consistency in recording of landslides throughout the
duration of the RI:
Research Question 1 Have different classes of landslide been consistently recorded
throughout the duration of the RI?
2.1.2 The Regional Landslide Inventory (RI)
In order to investigate relationships between landsliding and the climate, a Regional
Landslide Inventory (RI) was collated from nine academic publications, two national
databases and from two research institutes (see Table 2.2). The aim was to gain a
regional-scale picture of landsliding and mass movements across the European Alps,
as well as attaining a long-term perspective of the frequency and magnitude of these
over time.
This chapter discusses the temporal distribution of the RI in order to understand
if there are changes to the ways in which landslides are observed across the European
Alps over time. From this it should then be possible to determine whether an
increase in the number of landslides observed is due to an external forcing (such
as a change in the climate) or whether it is merely the frequency of recording that
has increased. Assessing the temporal distribution aims to understand whether
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increases in recorded landslides are linear (i.e. there has been a change in the way
landslides are recorded in individual databases) or whether there are spikes in the
data (which may suggest that the increase recorded is from external forcings). This
chapter deals with the creation of the RI, the reclassification of landslides to a
single unified definition, and then finally will discuss the temporal distribution of
the unified database.
2.2 Methods
2.2.1 Compilation of the RI
Research Aim 1 is concerned with creating a unified landslide inventory covering
the European Alps in order to investigate relationships between landsliding and the
climate. A Regional Landslide Inventory (RI) was collated from a number of aca-
demic publications, national databases and research institutes (see Table 2.2) and
maintained as a spreadsheet. Databases were compiled from the sources detailed in
Table 2.2 to include, where possible, those metrics highlighted in Figure 1.3. The
source databases came in a variety of different formats; some were from academic
publications, others web-based resources and spreadsheets. They also included a
range of different information, principally, metrics such as landslide volume, area,
date and location; with these metrics varying between sources. The important at-
tributes (Figure 1.3) were extracted from the source datasets to the compiled RI
(Appendix two, Table 1). Each landslide was assigned a new identification num-
ber (ID) within the RI, whilst also preserving its original. Date of initiation was
recorded in both date format (i.e. one column containing the date), and also in sep-
arate columns for day, month, year. Landslide location coordinates were recorded
directly from source and initially maintained in the countries own Coordinate Ref-
erence System (CRS). A number of landslides included details about the accuracy
of the recorded dates and location; this was added to a separate column within the
RI. The size of each landslide (where available) was recorded in m2 (depar) or m3
(depvol). The classification, or type, of landslide was also recorded (this will further
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Table 2.2: Taken from Wood et al. (2015). Details of the sources used for the compilation of the
RI.
Source Country(s) Contribution
to RI (%)
Number
National
database
(Online)
French National Database of the
Bureau de Recherches Ge´ologiques et
Minie`res (BRGM)
France 48.4 3836
Geologische Bundesanstalt (GB);
Massenbewegungen Mass Movements
Austria 1.1 85
Research
institutes
Swiss Flood and Landslide
Damage Database of the Eidg.
Forschungsanstalt fu¨r Wald, Schnee
und Landschaft (WSL)
Switzerland 41.5 3288
Service de Restauration des terrains en
Montagne de lIsere, Grenoble, France
1996; personal communication with
Daussauge-Peisser (RTM)
France 1.4 133
Academic
sources
Barcelonnette database (part of the
Safeland Project, personal communica-
tion with Mallet, 2010)
France 4.1 324
Abele (1974)
France,
Switzerland,
Austria,
Germany,
Italy
3.3 264
Bertran (2003) France
0.2
1
Casson (2005) France 1
Couture et al. (1997) France 4
Deline (2009) France 3
Meric (2005) France 1
Nieuw (1990) France 1
Squarzoni (2005) France 1
50 CHAPTER 2. Regional Landslide Inventory (RI) - LEVEL 1
be discussed in Section 2.2.3). Finally, a reference (to the source of the data) for
each landslide was maintained in the RI.
Data obtained for Switzerland (from the Eidg. Forschungsanstalt fu¨r Wald,
Schnee und Landschaft (WSL); personal communication N. Hilker) and for the
Barcelonette region, France (personal communication J.P. Mallet) were provided as
spreadsheets directly from the authors (see Appendix one, Figures 2 and 3). Specific
columns were selected from each of these and input directly into the RI. In addition
to this, the WSL and Barcelonette databases both had descriptive columns con-
taining further details about individual landslides; including size, damage caused,
deaths, remediation works, and reactivations. These columns were explored and
relevant data (particularly that pertaining to landslide size) was extracted to the
appropriate columns within the RI.
The Service de Restauration des terrains en Montagne de l’Isere (RTM) dataset,
which includes rock landslides in France, was provided as a .txt file from the author
(personal communication A. Helmstetter; see Appendix one, Figure 4). This was
added to the RI, with event dates and volumes being extracted manually due to
inconsistencies in the format of these throughout the RTM dataset.
The Abele dataset is a historic dataset, covering large landslides in the Euro-
pean Alps; this was available as a scanned document (personal communication O.
Korup; see Appendix one, Figure 5), and was manually digitised to the RI, with
each landslide being recorded directly to the appropriate columns.
The French Bureau de Recherches Ge´ologiques et Minie`res (BRGM) dataset is
an online dataset (see Appendix one, Figure 6). The BRGM provides a Graphical
User Interface (GUI) in the form of a map, in which regions can be selected and
downloaded. The regions selected were Haute-Savoie, Savoie, Hautes-Alpes, Alpes-
de-Haute-Provence, Alpes-Maritimes and Var (Figure 2.1, and Appendix one, Figure
6). Each region was downloaded directly from the online database as a .csv file; data
were input into the RI (see also Appendix one, Figure 6).
The Geologische Bundesanstalt (GB) provide a database for Austria as a map-
based GUI (see Appendix one, Figure 7a). The small portion of the GB dataset
which contributes to the RI was acquired by selecting mass movements from the GUI
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Figure 2.1: The BRGM regions selected for input into the RI.
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in turn, with required metrics then being extracted from the sources provided (see
Appendix one, Figure 7b). The GB GUI was used to help to identify the location
of the event in Google Earth (which was subsequently used to record location in
latitude and longitude; see Appendix one, Figures 7 and 8). This part of the data
collection was carried out manually.
Google Earth was also used as a mapping tool for data collected from academic
literature. Academic journal articles frequently give approximate locations through
regional-scale maps (see Appendix one, Figure 9a), and through large-scale aerial
photographs (see Appendix one, Figure 9b). These were used together to pinpoint
the landslide location in Google Earth so that exact location could be determined
(see Appendix one, Figure 9c) and exported to the RI. This method of data collec-
tion was comparable to that of the GB database; both required the study of different
sources, often containing data for one or multiple landslide events. Metrics from the
academic journals, such as date of occurrence and size, were input to the RI in line
with Appendix two, Table 1.
2.2.2 Coordinate conversion
In order to maintain a unified database (Research Aim 1), coordinates were con-
verted from each individual countries Coordinate Reference System (CRS) to lat-
itude and longitude degrees. This was done using a Python script in Linux using
the European Petroleum Survey Group (EPSG) codes appropriate to each coun-
tries CRS (see Table 2.3 and Figure 2.2). For the purpose of maintaining a unified
database, each was converted to EPSG:4326 (latitude and longitude).
Table 2.3: EPSG codes used in coordinate conversion.
Source Country EPSG code(s) Extent (lat/long)
Barcelonette France 27563 -1.7600, 42.3300, 7.7700, 45.4500
BRGM France
27562 -4.7000, 45.4500, 7.6700, 48.1500
27563 -1.7600, 42.3300, 7.7700, 45.4500
27572 -5.2000, 42.2500, 8.2300, 51.1000
WSL Switzerland 21781 5.9700, 45.8300, 10.4900, 47.8100
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Figure 2.2: EPSG codes used in the coordinate conversion and their extent in relation to the RI.
2.2.3 Categorisation of mass movements
For the purpose of analysing a large dataset, such as the RI, a number of authors
have discussed how similarity in process is important for asserting statistical as-
sumptions across datasets, i.e. for the application of power-law statistics (Malamud
et al., 2004a; Larsen et al., 2010); it is for this reason that unified definitions were
required (this will later be additionally discussed in sections 3.2.1 and 3.2.2). There-
fore, Research Aim 2 seeks to identify and maintain unified landslide definitions
across the RI. Landslides were categorised in the RI into nine different classes
(Table 2.4). These classifications and descriptions are based on a combination of
the Varnes (1978) classification system (see section 2.1.1), those specified within
the contributing databases and are also based (where available) on the informa-
tion and notes columns provided in each. Definitions were taken primarily directly
from source dataset and classified using the RI definitions. For the BRGM dataset,
these were additionally verified using descriptive images provided for classification
(see Appendix one, Figure 10). An additional reclassification was carried out on
54 CHAPTER 2. Regional Landslide Inventory (RI) - LEVEL 1
the WSL database based on the notes and additional information provided by this
database (see also Appendix one, Figure 2b). These reclassified landslides were
given an additional column within the RI database (mvmt2 ).
2.2.4 Temporal range of the RI and frequency of recording
Research Question 1 sought to assess the temporal range of the RI and indi-
vidual source datasets in order to investigate how the recording of landslides has
changed over time. Histograms of landslide frequency (at annual resolution) were
calculated for, firstly, the source datasets (individually), and then for the complete
RI to initially assess the data; these were additionally partitioned by landslide type
(see Appendix one, Figures 11 for mvmt, and 12 for mvmt2 ). Cumulative fre-
quency distributions of landslide occurrence for landslide classes across the source
datasets and for the RI were then calculated at annual resolution. Segmented mod-
els (Muggeo, 2003, 2008) were applied to the cumulative frequency data to identify
breaks in linear trends; breaks in the segmented models are taken to represent pe-
riods in time at which there has been a change in the recording frequency of the
different landslide classes. The segmented model requires user-defined breaks to be
added, which are then objectively assessed by the model. Breaks were selected at
times in the temporal record when there was an obvious change to the shape of
the cumulative frequency distribution (see Appendix three, Script 1). A number
of the landslide classes in the database were modified to create consistent unified
definitions (as discussed in Section 2.2.3); this occurred solely in the WSL database.
Analysis of the temporal recording of landslides was additionally carried out on the
reclassified landslides (mvmt2 ) in the WSL database, and then across the RI (c.f.
Table 2.4 and Appendix two, Table 1) to assess the temporal distribution of the
reclassified landslides.
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Table 2.4: Taken from Wood et al. (2015). Table showing the classification of landslides used in
the RI.
mvmt
cd
Classification (translated
from source)
Description Name (material-
based classification
for the RI)
1 Landslide
Rotational or translational landslide
(after Varnes, 1978)
RTL
2 Rockfall landslide
Falling rocks & blocks / Sliding rock
mass
Rock
3 Rockfall / Topple Falling rocks & blocks
4 Rockslide Sliding rocks & blocks
5 Debris slide
Moderate to low water content / Mate-
rial slides downslope
Slide
6 Mud slide
Moderate to low water content / Small
unconsolidated material slides downs-
lope
7 Debris flow
High water content & very liquid in
movement / Some large particles &
blocks entrained
Flow
8 Mud flow
High water content & very liquid in
movement / Entrained material is fine
grained (soil based)
9
Complex / Subsidence &
collapse / Bank erosion /
Creep / Slow or rapid
Combination of 2 or more classifications
/ Rupture of underground cavity / Ero-
sion of banks resulting in slide / Slow
gravitational creep
Complex
0 Unknown Unspecified in the literature / database Unknown
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Regional
Inventory
Landslide ID
number
Date of 
initiation
Size
Type of 
movement
ReferenceLocation
Area (m2)Volume (m3)
All 7919 landslides 
have an ID associated
with both the RI and
from source
7526 have lat/
long
coordinates
(or available
xy data)
There are 5300 landslides
recorded in the RI (~67%)
Other known mass
movement categories
(from rock to complex)
number 2563 (~32%)
Fewer than 1% remain
unclassified
All 7919 
landslides are
referenced
within the RI
5124 are dated to
the day with an
additional 1562 to
annual or sub-
annual resolution
982 have
volume data
272 have area
data
Figure 2.3: Taken from Wood et al. (2015). Flow diagram showing the completeness of the required
fields within the RI (based on Figure 1.3).
2.3 Results
2.3.1 Compilation of the RI
Research Aim 1 deals with the compilation of a unified regional landslide inventory
for the European Alps. The databases collated for this inventory include, where
possible, all of the elements specified in Figure 1.3. The RI contains a total of 7919
landslides, of which 56 remain unclassified, 5239 are classed as a combination of
rotational or translational landslides (RTL), 1588 are rockfalls, rock slides and rock
topples, 549 are debris- or mud-slides, 270 are classified as debris or mud flows,
and 217 are complex landslides. ∼64% of landslides are dated to the day, with
an additional ∼20% being dated to annual or sub-annual resolution. For area and
volume data the main addition to the RI was obtained through extracting data from
the information sections of the source datasets; leading to the addition of 525 area
or volume estimates for the WSL database, 15 from the GB (through the available
online literature), 10 for the Barcelonette database, 10 were extracted from the
academic publications, while 265 were digitised from Abele (1974).
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2.3.2 Coordinate conversion
Approximately 95% of landslides in the RI include location; either latitude and lon-
gitude or xy coordinates in individual CRS from source. In order to create a unified
inventory (Research Aim 1), it is important that not only the classifications of
landslides is unified, but also the coordinates which are used across the inventory.
Of the landslides which include location, ∼98% were reprojected to EPSG: 4326
(latitude and longitude; see Figure 2.4 and Table 2.5). A test was carried out on
20 landslides from the BRGM dataset to assess the accuracy of the coordinate con-
version (see Appendix two, Table 2). This conversion and its accuracy is important
as it facilitates the manipulation and uses of the RI dataset for the end user, whilst
eradicating the need for reprojection when used with analysis software such as
Quantum Geographic Information System (QGIS) or R Project for Statistical Com-
puting (R). All points were overlaid onto the 90m NASA Shuttle Radar Topography
Mission (SRTM) dataset (used in subsequent Chapters); both coordinates provided
by the BRGM and those which were converted, overlapped the same grid cell in the
SRTM dataset.
Table 2.5: Table showing the number (n) of landslides (out of the total 7919) which include location
data in the RI.
Source n with location n converted to EPSG: 4326 Total n landslides
Abele 0 0 264
Barcelonnette 324 324 324
BRGM 3834 3781 3836
GB 69 0 85
Academic literature 12 0 12
RTM 0 0 113
WSL 3285 3285 3285
RI 7524 7390 7919
2.3.3 Categorisation of mass movements
In order to create a unified inventory, Research Aim 2 sought to create unified
landslide classifications. Landslides were classified according to the definitions set
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Figure 2.4: Showing the complete RI post-coordinate conversion. The events are distinguished by
the mvmt2 classification (c.f. Appendix two, Table 1)
out in Table 2.4. Within the RI there were two classification categories; mvmt, which
is based on the classification set out in the original database, and mvmt2, which is
used for the reclassification of the WSL dataset, based on details in the notes column
of the dataset (see Appendix two, Table 1). Both classification systems used in the
RI are consistent with the Varnes (1978) and Cruden & Varnes (1996) classification
systems (discussed in Section 2.2.3). Landslide classifications (mvmt) were recorded
from source and input directly into the RI according to the nine defined landslide
classifications (Table 2.4). In addition to the nine individual classifications, a classi-
fication using a combined analysis of rotational and translational landslides and slide
classes (LSS ) was also defined as these represent similar process types, consistent
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Figure 2.5: Showing the complete RI post-coordinate conversion. The events are distinguished by
source dataset (see Table 2.2).
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with the Varnes (1978) and Cruden & Varnes (1996) classifications.
For the BRGM dataset, diagrams of the classification types used (from source)
were provided (see Appendix one, Figure 10), which weresuccessfully aligned with
the definitions of the RI classifications (c.f. Table 2.4). Documentation for the
Safeland inventory states that the definitions of Cruden & Varnes (1996) are used
throughout for consistency; these definitions are therefore automatically consistent
with classifications used in the RI. The RTM database was provided by the author
(personal communication A. Helmstetter) along with a paper describing the pro-
cesses involved as “rock falls”, and so were assigned the rock classification within the
RI (Table 2.4). Classification for both the GB and academic journals were aligned
directly with the RI from the outset as these were assessed through descriptions
obtained at source.
The Abele dataset provided a title for the processes included in the database;
these were split into Bergsturz (landslide/fall), Felssturz (rock slide or rock fall),
langsame Massenbewegung (slow mass movement), langsame und schnelle Massenbe-
wegung (slow or rapid mass movement) and two classes where process was unknown.
Certain assumptions regarding this dataset were made; that the term landslide is
consistent with the RTL class, and that the slow or rapid mass movements were
consistent within the RI complex class. In terms of the contribution of this dataset,
exact locations of the landslides cannot be determined as the coordinates given
do not specify the CRS. In addition, date of initiation is not included however,
this database consistently includes landslide size (which will be discussed further in
Chapter 3).
Classifications for the WSL database were provided from source; these included
rutschung (landslide), hangmure (hillslope-debris flow) and absenkung und einsturz
(subsidence and collapse). Due the nature of this dataset being insurance-industry
based, there were extensive notes and descriptions for the majority of landslides.
These notes were investigated for information pertaining to initiation and type of
movement. On this basis, a reclassification of 299 landslides occurred so that these
were in line with the RI classifications (mvmt2, see Table 2.6 and Appendix two,
Table 1). The resulting classifications ensure that there is a commonality in process
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which is required for understanding the statistics of landslide inventories (see Section
3.2). In total, 56 RTL were reclassified as rock falls, topples or slides, while another
56 were reclassified as debris or mud slides, 61 as debris or mud flows, and 3 were
reclassified as complex landslides. 99 debris flows were reclassified as RTL, with 5
being reclassified as rock, debris or mud slides. 16 complex mass movements were
reclassified as RTL. In all, only 296 (∼4%) landslides were reclassified. This portion
of the analysis has assured, as far as possible, that the definitions used in the RI are
consistent across source datasets.
Table 2.6: Table showing the change in classifications across the RI from the original mvmt to the
unified mvmt2 (see Section 2.2.3). Reclassification was solely carried out on the WSL dataset as
this database contained additional information which was exploited for the RI.
Name n (mvmt) n (mvmt2)
RTL 5300 5239
Rock 1531 1588
Slide 489 549
Flow 316 270
Complex 227 217
Unknown 56 56
2.3.4 Temporal range of the RI and frequency of recording
Research Question 1 sought to assess whether the different classifications of
landslide (detailed in Section 2.3.3) have been recorded consistently throughout
the duration of the RI. The continuity in the temporal recording of landslides in
both the RI, source datasets and for individual landslide classes was investigated at
annual resolution. The temporal resolution of the RI as a whole is highly variable,
with some of the oldest landslides being dated to 1248 A.D. (in the BRGM, ID:2389
and RTM, ID:7807) and 1451 A.D. (in the Barcelonette database, ID:7681). Despite
this long record, the frequency of recording across the datasets prior to the 1970s is
relatively low, with a sharp increase at this time (Figure 2.6). For example in the
BRGM database there were only 589 landslides recorded between 1248 and 1969,
and 2511 for the period 1970 to 2010 (Figure 2.6).
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Segmented linear models fitted to the cumulative frequency of landslide obser-
vations (by year) for all source datasets and for the RI illustrate how recording
frequency has not increased linearly through time (Figure 2.6). The WSL dataset
represents a more recent dataset (since 1972), and for this a simple linear fit is ob-
served, showing that this database has been consistently recorded over this short
period of time (Figure 2.6 and Table 2.7). In all other cases, the segmented models
provide a good fit to the data (R2 ≥ 0.95) as they specifically identify breaks in
linear trends and fit linear models between each break, thus detecting changes in
recording frequency (Figure 2.6). The Barcelonette database represents the lowest
consistency in recording; with ultimate break years spanning 14 years (between 1968
and 1972) across recorded landslide classes, while for the BRGM this is much lower
at three years (between 1980 and 1983) and for the RI as a whole, with break years
spanning a range of nine years (between 1976 and 1985, Table 2.7).
A number of years with anomalously high landslide frequencies (specifically for
RTL) occur in the latter portion of the record; in the RI these are 1990 and 1999,
in the BRGM, 1990, 1994, and 2000 and in the WSL dataset, 1999, 2002 and 2005.
These were removed to test their influence on the segmented models (RTL *exc and
LSS *exc in Table 2.7). The changes observed in these years require further analysis
to determine the cause of such a sharp increase in the numbers of observed landslides
(this is outside the scope of this thesis) however, the influence of the removal of these
on RTL in the RI resulted in a lowering of the last break year from 1976 to 1973 for
mvmt, and from 1976 to 1974 for mvmt2 (Tables 2.7 and 2.8).
In the case of the BRGM dataset, landslide recording was very low prior to the
1950s (∼250 recorded in 700 years), with the ultimate break years being largely in
the 1980s (c.f. Table 2.7). For RTL in the BRGM dataset there was also an earlier
linearity and consistency in recording from 1972 onwards as opposed to 1981. Slide
and complex classes are not well documented in this dataset, constituting ∼18%
of the total, however, this is possibly due to discrepancies in terminology used at
different times and not because other types of landslide do not occur.
The WSL is maintained for the purpose of insurance and could be biased towards
certain landslide classes which are more damaging, fast-flowing or less easy to predict
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or mitigate; these may naturally be more prevalent in this type of database. In the
case of the WSL dataset, although the removal of these high frequency years resulted
in an earlier break year of 1993, the linear model provides a good fit to the data
suggesting consistent landslide recording from the outset (Table 2.7). The same
was the case for LSS , whereby the removal of these anomalously high frequency
years resulted in a reduction in the break year (for both mvmt and mvmt2 ; Figures
2.6 and 2.7; Tables 2.7 and 2.8). For this dataset, RTL are the most common
class, with complex and flows making up a small proportion of the data, only being
recorded from 1980 and 1978 respectively. The reclassification of this dataset saw
the addition of rockfalls, rock topples, rock slides, debris slides and debris- and mud-
flows; although these still only make up a small proportion of the total, with RTL
remaining the most prevalent.
For the Barcelonette dataset flows are the most commonly recorded class (∼57%
of the total); with RTL and rock classes making up the remainder of the dataset
(Figure 2.6). Rock landslides in this dataset show a linearity in recording from 1958,
which is the lowest ultimate break year across all of the datasets however, this is
based on a total of 31 rock landslides and as such is not necessarily as reliable as
some of the better recorded classes.
It is clear from this that the different classes are not being recorded simultane-
ously within the datasets, which is potentially an issue for analyses attempting to
understand changes in these over time. However, break years defined here represent
an estimation of the temporal recording of the different landslide classes over time,
which is improved when the unified database (RI) is used.
2.4 Summary
Research Aim 1 addresses the compilation of a unified landslide inventory for the
European Alps. Creating a unified database across a region such as the European
Alps is problematic for a number of reasons. Access to data is limited (e.g. Van
Den Eeckhaut et al., 2012; Van Den Eeckhaut & Herva´s, 2012); for example the
WSL database is contractually confidential. The Abele database was also only
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Table 2.7: Adapted from Wood et al. (2015). Results from the segmented models highlighting the
timing of the model breaks; shown by source dataset and for the unified RI, for each classification
of landslide. The classifications used in this analysis were the ones given by each source dataset
(mvmt ; c.f. Appendix two, Table 1). Highlighted breaks (blue text) are those indicated by dashed
lines in Figure 2.6.
Name (c.f.
Table 2.4)
RI
breaks
BRGM
breaks
Barcelonette
breaks
WSL
breaks
RTL 1894 1950 1976 1932 1981 1937 1972 1999
RTL exc.* 1855 1935 1973 1922 1972 - 1993
LSS 1898 1949 1976 1929 1980 - -
LSS exc.* 1897 1946 1974 1922 1971 - -
Rock 1898 1980 1915 1981 1856 1921 1958 -
Slide 1938 1981 1938 1981 - -
Flow 1855 1878 1985 - 1845 1912 1967 1988 2004
Complex 1906 1983 1905 1983 - 1995
Table 2.8: Landslides in the RI were reclassified in order to create unified definitions (mvmt2 ; c.f.
Appendix two, Table 1); only the WSL dataset allowed for this additional interrogation. Results
from the segmented models following reclassification are shown here highlighting the timing of the
model breaks.
Name (c.f.
Table 2.4)
RI
breaks
WSL
breaks
RTL 1922 1976 1999
RTL exc.* 1918 1974 1994
LSS 1923 1975 1999
LSS exc.* 1920 1973 1994
Rock 1862 1949 1982 1980 1998 2006
Slide 1939 1976 1986 1999 2003
Flow 1846 1905 1974 1992
Complex 1898 1971 1989 1995
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Figure 2.6: Adapted from Wood et al. (2015). Temporal distribution of the RI and three main
contributors at annual resolution. (Top) Histograms of each dataset (combined classes), (middle
& bottom) cumulative frequency of different classes and segmented models (Muggeo, 2003, 2008)
showing data breaks. The timing of the last break for each class is shown (dashed lines; c.f. Table
2.8).
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Unified RI annual data
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Figure 2.7: Temporal distribution of the RI and WSL following the reclassification of a number of
landslides. (Top) Histograms of both datasets (combined classes), (middle & bottom) cumulative
frequency of different classes and segmented models (Muggeo, 2003, 2008) showing the new data
breaks. The timing of the last break for each class is shown (dashed lines; c.f. Table 2.8).
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available through personal communication as it is no longer in print. With respect
to the Eastern Alps, limited data were obtained from the online GB database (see
Figure 2.4). Unlike the BRGM database which included detailed information about
each landslide (see Appendix one, Figure 6), the GB database included a link for
each data point (see Appendix one, Figure 7); the use of such articles, of which a
number were no longer available, made this an inefficient method of data collection
and so only 85 landslides were included from this database. Other issues relate to
differences in language, with online datasets being only available in the host nations
language (e.g. the BRGM and GB datasets). This issue is particularly poignant
when attempting to unify the landslides definitions (in accordance with the Varnes,
1978, definitions).
Despite these difficulties, the RI was compiled comprising 7,919 landslides across
the European Alps, encompassing a range of landslide classes. Several of the
databases used in the compilation omitted a large proportion of important landslide
elements such as magnitude, velocity and timing of failure, which are commonly
recorded in modern databases (Sorriso-Valvo, 2002). These metrics were included
where possible, although recording of such data is inconsistent. For example the
BRGM includes a category for landslide volume, yet only 7.5% of 3836 (a total of
289) landslides downloaded for the RI included volume data.
Research Aim 2 sought to implement unified landslide classifications across the
different contributing landslide databases. Database format, differences in language
and classification have, in the past, obscured the possibility of attributing changes in
the frequency and magnitude of landsliding to climate change at a regional spatial
scale. The compilation of the RI has negated language difference and semantics by
interrogating additional information provided in individual databases to create a
homogenised dataset.
Inconsistencies in the recording of landslides through time has also impacted
on the usefulness of landslide inventories for attributing changes in frequency to
changes in, for example, the climate. Research Question 1 addresses consistency
in recording. Within the RI there is little consistency in recording different types of
landslide through time (Figures 2.6 and 2.7). If the assumption that a linear fit to
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the cumulative frequency of different landslide classes over time means that there is
uniformity in recording, then one might expect to see the different datasets recording
similar proportions of each class at similar times. This would result in consistent
breaks across all landslide classes in the segmented models (Table 2.7 and Figure
2.6); however, this does not happen across the source databases. Reasons for this
may include that over the long temporal record of the RI, definitions have changed
or there have been changes in how landslides are recorded. This premise cannot be
fully tested at this stage as only the relatively short WSL dataset allows for this
further interpretation of landslide classes (mvmt2 /mvmt2 cd ; Appendix two, Table
1) due to the availability of additional notes which include descriptions of the event.
A lack of consistency in the temporal recording of data restricts attempts to
attain a long-term perspective on the frequency of events, as it can be difficult to
distinguish a real increase in frequency from an increase in recording frequency. The
temporal range of the RI is relatively short in terms of the well-documented portion
of the dataset. Segmented models approximate a range of dates for the ultimate
break years across the RI (ranging from 1958 to 2004, Table 2.7); given that the
majority of break years occur in the early-1970s, 1970 is taken to represent the date
after which landslides are consistently recorded in the RI. The post-1970 portion of
the dataset is represented by a linear fit (Figures 2.6 and 2.7), suggesting linearity
in recording, with breaks from segmented models being effectively used to identify
discontinuities in the recording of the RI (Table 2.7).
Data-gaps could arise due to a number of factors including conflict (i.e. the
two world wars), land-use change, mitigation works, inconsistencies in recording,
and changes in people’s perception of risk. The BRGM dataset began development
in 1994 (Bureau de Recherches Ge´ologiques et Minie`res, 2013b) and as a result
one might expect to see an increase in the frequency of recording after this time;
however, this is not reflected in the breaks seen in the dataset, suggesting that the
dataset is affected by other external influences. Although these all serve to obscure
relationships between landslides and climate change, the analyses presented here
have shown that creating a unified database (the RI) can increase the reliability of
identification of these breaks and improve consistency in recording (Table 2.7 and
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2.8).
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Chapter 3
The statistics of inventories -
Level 2
The content of this chapter was published in Geomorphology, and thus is
largely based on Wood et al. (2015, see Appendix four).
3.1 Introduction
Landslide processes and mechanisms are understood in terms of individual land-
slides, and recently this knowledge has been used for susceptibility mapping across
wider areas and regions in order to better understand landslide risk (Ayalew & Ya-
magishi, 2005; Herva´s et al., 2010; Malet et al., 2010; Van Den Eeckhaut et al.,
2010, 2012; Van Den Eeckhaut & Herva´s, 2012). An example of this is the ‘Safeland
Project’ which uses landslide inventories for a number of specific landslide hotspots
as model validation for short-term landslide forecasting (Callerio et al., 2010; Malet
et al., 2010; Mercogliano et al., 2010). Full exploitation of the risk management
and assessment capabilities of landslide inventories requires data appropriate for the
application of inventory statistics and susceptibility mapping (shown in Figure 1.3).
For wider analysis, date, location, size and the type of landslide must be routinely
recorded, while failure to discriminate between different landslide classes restricts
investigations of trigger mechanisms and long-term trends (as discussed in Chapter
2, Figure 1.3). This is easy for modern landslide inventories which are usually basin-
scale investigations following a landslide triggering event (e.g. earthquakes; Harp
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& Jibson, 1996; Owen et al., 2008; Xu et al., 2010; Dai et al., 2011; Kargel et al.,
2016); however, historical inventories cover wider areas and regions and the record-
ing of these indicators is highly variable through space and time. This wide range
of landslide-influencing factors (which also include topography and geology) need to
be organised and recorded in a standardised format to ensure that all relevant data
are included (see discussion in Chapter 2, Figure 1.3).
3.1.1 Landslide frequency-magnitude
Landslides show a form of self-organised criticality whereby there is a commonality in
form and process across a wide range of scales (Bak et al., 1987). This self-organised
criticality presents itself as a log-linear trend between landslide frequency and area
(Hergarten & Neugebauer, 1998; Stark & Hovius, 2001; Malamud et al., 2004a);
small landslides are represented at the high-frequency, low-magnitude portion of the
distribution while large landslides are represented by the linear, low-frequency tail
(Figure 3.1). This range of magnitudes is not an independent statistical quantity as
the availability of material is a function of slope length (Hungr et al., 2008). The
frequency-magnitude relationship is commonly evaluated using modern landslide
inventories and can be used to provide estimates for potential landslide occurrence
in a given area (e.g. Stark & Hovius, 2001; Malamud et al., 2004a).
The frequency-area relationship appears to be robust and consistent across space
and time (Stark & Hovius, 2001; Guzzetti et al., 2002; Malamud et al., 2004a)
although recent work has tested this assertion (e.g. Torgoev et al., 2010; Schlo¨gel
et al., 2011). In the Maily-Say region of the Tien-Shan, there was an increase in
the recorded frequency of large landslides between 1962 and 2007, which translated
to an upward shift in the tail of the power-law distribution (Schlo¨gel et al., 2011);
this was attributed to the growth of existing landslides or the coalescence of smaller
landslides in the region (Torgoev et al., 2010).
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3.1.2 Scaling relationships
Here, the area-frequency relationship (Section 3.1.1) is exploited to test the com-
pleteness of the RI; however, landslide area is often omitted in the source datasets,
with volume being more frequently recorded. In order to calculate the area-frequency
relationship for the RI, area data is required. A number of the landslides recorded
in the RI have only volume or area data available, while a proportion have both.
The robust log-linear relationship between landslide area and volume (after Larsen
et al., 2010) will be explored for landslides in the RI which have both area and
volume data; the defined relationship will then be applied to all landslides in the RI
(of the same classification) to increase the number of recorded areas, providing the
first research aim:
Research Aim 1 To use the well-established log-linear relationship between landslide
area and volume extrapolate landslide area from volume for landslides in the RI.
The newly calculated areas will then be investigated along with existing areas
in the RI to see if the log-linear relationship, described in the literature, is robust
for this dataset. This area-frequency relationship for landslide inventories has been
shown to follow a power-law distribution (Malamud & Turcotte, 1999; Guzzetti
et al., 2002; Malamud et al., 2004a). The distribution is often used to quantify the
completeness of modern landslide inventories and provide estimates for the magni-
tude of the triggering event; these modern inventories are usually recorded in the
hours, days and weeks following the triggering event (Malamud et al., 2004a,b). This
distribution will be explored for landslides in the RI to quantify the completeness of
the RI across both the whole inventory, and then for the post-1970 portion (following
the discussion in Chapter 2). Thus the following research question is posited:
Research Question 1 Do the landslides recorded in the RI follow the well-established
power-law distribution that is commonly reported for landslide inventories?
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3.2 Methods
3.2.1 Area-volume scaling
A log-linear scaling relationship exists between area and volume for mass movements
of similar process (Larsen et al., 2010). Research Aim 1 seeks to utilise this scaling
relationship in order to increase the number of recorded landslide areas in the RI;
this analysis has been facilitated through the unification of the RI (as discussed
in Chapter 2). Investigation of the scaling relationship between landslide area and
volume will be carried out for the different landslide classes in the RI, individually,
and for the combined LSS (which is a combination of RTL and slide classes, c.f.
Table 2.41). Linear models were fitted to the different landslide classes in the RI
which had both area and volume data. The derived exponents α and γ obtained
from the linear models were then substituted into the scaling relationship as defined
by Larsen et al. (2010, p. 247):
3.1: The area-volume scaling relationship as defined by Larsen et al. (2010, p. 247), where VL is
volume, AL is area and α and γ are the scaling exponents describing the slope and intercept.
VL = αA
γ
L (3.1)
Landslide volume VL from landslides recorded in the RI was then used to calculate
landslide area AL (see Appendix three, Script 2). The results from the scaling
relationship were appended into new columns within the RI (postar and postvol, c.f.
Appendix two, Table 1).
3.2.2 Power-law distribution
The frequency-area distribution is used to quantify the completeness of modern
inventories and has been shown to follow a number of different empirical distributions
including double-Pareto (Stark & Hovius, 2001) and an inverse-Gamma distribution
1The unification of the RI involved the reclassification of a number of landslides in order to
unify definitions (see Section 2.2.3); reclassified landslides (mvmt2 ) will be used in all subsequent
analyses
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Figure 3.1: Taken from Wood et al. (2015). Theoretical three parameter inverse-gamma distribu-
tion over a range of magnitudes (M1 to M7).
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(Malamud et al., 2004a, see also Figure 3.1). All exhibit a negative power-law
relationship in the tail of the distribution. Research Question 1 seeks to use the
established power-law relationship between landslide frequency and size to assess
the completeness of the RI. Given the robustness of this empirical distribution and
its applicability across a range of triggers and geologies, a series of theoretical three-
parameter inverse gamma distributions (Figure 3.1) were created across a range of
magnitudes (after Malamud et al., 2004a) to assess the completeness of the RI:
3.2: Three parameter inverse-gamma function as defined by Malamud et al. (2004a, p. 694). Where
“Γ(p) is the gamma function of p. The inverse-gamma distribution f(y) is obtained by making the
substitution x = 1/y into the gamma distribution f(x), and is essentially an inverse power-law
decay for medium and large areas, and an exponential rollover for small areas” (Malamud et al.,
2004a, p. 694).
p(AL; ρ, a, s) =
1
aΓ(ρ)
[
a
AL − s
]ρ+1
exp
[
− a
AL − s
]
(3.2)
The frequency densities for different landslide classes in the RI were then calcu-
lated from Equation 3.3 and plotted against the theoretical distributions:
3.3: Three parameter inverse-gamma distribution for incomplete inventories (Malamud et al.,
2004a, p. 703)
f(AL) =
δNL
δAL
= NLTp(AL) (3.3)
If we assume that the theoretical distribution is valid for the given datasets in
the RI, then we can calculate the expected area covered by landslides:
3.4: To calculate total landslide affected area from calculated magnitude (adapted from Malamud
et al., 2004a).
LTa =
(
a
p− 1 + s
)
10ML (3.4)
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3.3 Results
3.3.1 Area-volume scaling
Research Aim 1 seeks to exploit the log-linear scaling relationship between area
and volume to interpolate measurements of landslide area based on given volumes in
the RI. This relationship (Equation 3.1) was investigated for all classes of landslide
in the RI (after Larsen et al., 2010). The different classes were analysed separately
as they represent different types of movement with potentially different scaling re-
lationships. With the exception of RTL which showed a strong positive correlation
between area and volume, there was insufficient data for the other classes to consti-
tute a reliable relationship (Figure 3.2).
In addition to the RTL class, a total of three slides were added to the analysis
(the combined LSS ), as these classes present similar physical mechanisms and so
constitute a sensible comparison (c.f. Table 2.4). The scaling exponents, α and
γ, were comparable to the range of values obtained by Larsen et al. (2010; Table
3.1 and Figure 3.3); these were derived for RTL (and LSS ) from a total of 83 RTL
(86 LSS ) landslides with both area and volume data. The scaling exponents were
therefore substituted into Equation 3.1 to increase the number of available areas in
the RI from 208 (with recorded areas from the source datasets) to a total of 688
LSS (c.f. Table 3.2).
3.3.2 Power-law distribution
Research Question 1 seeks to ascertain whether the robust and well-documented
power-law distribution, which exists for the size (area) and frequency of landslides
(e.g Stark & Hovius, 2001; Malamud et al., 2004a), is present for landslides in the
RI. The area-frequency distributions for RTL and LSS were calculated (from data
set out in Table 3.2). The analysis shows that the data collated for the RI fit a
range of theoretical magnitudes from ∼M2 to ∼M7 (Figure 3.4). The wide range
of magnitudes is possibly due to the use of a number of different datasets in the
compilation.
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Figure 3.2: Adapted from Wood et al. (2015). The log-linear relationship between area and volume
which exists for RTL (n=83) and LSS (n=86) (R2 = 0.92 for both). The scaling exponents (γ
and α) are given in Table 3.1. Also shown are rock (n=4), slides (n=3), flows (n=2) and complex
(n=1) movements for which both area and volume data were available. Due to the limited number
of points in these classes, no linear model was fitted to these.
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Figure 3.3: Adapted from Wood et al. (2015). The scaling relationship between area and volume
was investigated for LSS with both area and volume data. This figure shows this relationship
(solid line), with the points representing both calculated and given area and volume data within
the RI. This relationship is compared here with data derived from Larsen et al. (2010) for global,
soil and mixed inventories; highlighting that the estimations of the scaling exponents derived for
the RI are reasonable in relation to other studies.
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Table 3.1: Taken from Wood et al. (2015). Estimates of γ and log10(α) (± the standard error for
each) attained from each source for RTL and LSS . The R2 statistic for the fit of the linear models
and the number of landslides used (n) are also shown. These are displayed along with the Larsen
et al. (2010) results of the scaling exponents from investigations of combined datasets; (see Larsen
et al., 2010, supplementary information for full details).
Source γ log10(α) R2 n
R
I
Abele (RTL) 1.359±0.100 -0.776±0.625 0.8 50
WSL (RTL) 1.233±0.116 -0.394±0.506 0.78 34
All (RTL) 1.386±0.045 -0.985±0.248 0.92 84
All (LSS ) 1.378±0.043 -0.941±0.239 0.92 87
L
ar
se
n
et
al
.
(2
0
10
)
Global landslides
(all)
1.332±0.005 -0.836±0.015 0.95 4231
Soil landslides 1.09 to 1.40±0.0 -1.48 to -0.37±0.06 0.81 to 0.95 11 to 956
Mixed soil &
bedrock
inventories
1.36±0.03 to
1.450
-1.131 to
-0.59±0.03
0.88 to 0.98 201 to 677
Bedrock
landslides
1.34±0.02 to
1.92±0.48
-4.09±3.24 to
-0.49±0.08
0.58 to 0.98 11 to 140
Bedrock
landslides (Alps
& Apennines)
1.60±0.07 -2.36±0.45 0.82 87
Analysis of the main contributors to the distribution show that the Abele dataset
(which is based around the recording of large landslides in the European Alps) un-
derrepresents the small- to medium-sized RTL; resulting in an exponential rollover
at around 10−1 km2 (Figure 3.5), leading to an upwards shift in the tail of the dis-
tribution for the RI from this point (Figure 3.4). The WSL dataset only crosses two
magnitudes (from 2 through to 4) and best fits the log-linear tail of the theoreti-
cal relationship, although the slope of the tail of the distribution is shallower than
that of the theoretical distribution, crossing three magnitudes (Figure 3.5). Both
the BRGM and WSL datasets exhibit an exponential-type rollover between ∼10−4.5
and ∼10−4 km2, which is lower than that of the theoretical distribution (occurring
at ∼10−3 km2, Figures 3.4 and 3.5). The distributions for the RI, the Abele dataset,
BRGM and WSL, while exhibiting an exponential rollover and log-linear tail, are
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Table 3.2: Taken from Wood et al. (2015). The number of LSS (n) given in each source dataset
and the associated range of areas (m2) for each; both before (pre-area-volume scaling) and after
(post-area-volume scaling) the application of the scaling relationship. Included here are the results
for LSS only.
Pre AV scaling Post AV scaling
Source Given
areas
(n)
Calculated
areas (n)
Min
area
(m2)
Max area
(m2)
Min
area
(m2)
Max area
(m2)
Temporal
range
Abele 185 18 55,000 50,000,000 55,000 50,000,000 -
Barcelonette 0 5 - - 20,502.24 493,301.99 1898-1989
BRGM 0 70 - - 2.91 493,301.99 1948-2002
Literature 2 0 500,000 1,100,000 500,000 1,100,000 -
GB 0 9 - - 500.18 2,381,477.72 1804-2010
WSL 62 378 100 1,000,000 7.96 1,000,000 1972-2010
Total 208 480 100 50,000,000 2.91 50,000,000 1804-2010
underrepresented by medium-sized LSS (between 10−4 and 10−2 km2).
In general, only considering data in the complete portion of the RI (i.e. post 1974
for LSS and 1973 for RTL2) improves the estimates of completeness based maximum
magnitude in comparison with all data (Tables 3.3, 3.4 and Appendix one, Figure
13). Including only post-1974 LSS compared with all years, results in an increase
in estimates of completeness for the RI from 2.84% to 13.29%; influenced by the
reduction in the estimate of ML (Table 3.3 and Appendix one, Figure 13). This is
also reflected in the RTL data for the RI, with estimates of completeness increasing
by ∼10% post-1973 compared with all dates and undated (Table 3.4). The lower
magnitude ranges shown for the post-1973/74 data (Tables 3.3 and 3.4) imply that
this portion of time fits most consistently with the theoretical distribution.
An additional test was carried out for the post-1970 portion of the dataset, as the
breaks in recording are approximations for discontinuities in recording (as discussed
in Chapter 2). Estimates for completeness in the post-1970 data are improved in
all cases when compared with the other distributions (with the exception of LSS in
2The Abele dataset is automatically excluded as this portion of the RI is part of the undated
15%.
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Figure 3.4: Adapted from Wood et al. (2015). Theoretical three-parameter inverse-gamma dis-
tribution across a range of magnitudes (Equation 3.2) with calculated LSS (n=688) and RTL
frequency densities (n=660; Equation 3.3) for the complete RI unified database. LSS and RTL are
calculated from the two different scaling relationships (postar cd156 and postar cd1 respectively;
c.f. Section 3.2.1 and Appendix two, Table 1).
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Figure 3.5: Adapted from Wood et al. (2015). Three-parameter inverse-gamma distributions for
calculated LSS and RTL frequency densities for the Abele (n=148 LSS/RTL), BRGM (n=70 LSS ,
n=63 RTL) and WSL (n=454 LSS , n=433 RTL) datasets. LSS and RTL are calculated from the
two different scaling relationships (postar cd156 and postar cd1 respectively; c.f. Section 3.2.1).
the WSL database, Tables 3.3 and 3.4). The WSL dataset is relatively unaffected
by the temporal partitioning as this database is consistently recorded between 1972
and 2010; however for LSS , estimates of completeness are affected by <1% (Table
3.3). Overall, the post-1970 RI (for both RTL and LSS ) displays the lowest range
of magnitudes (compared with the other time periods), highlighted by the improved
estimates of completeness from the power-law analysis (%, Tables 3.3 and 3.4).
This backs up the assertion that the temporal partitioning of the RI (as discussed in
Chapter 2) was effective in improving consistency in recording. Despite this, there
remains an under-recording of both LSS and RTL in the range 10−4 to 10−2 km2
(Figure 3.6).
3.4 Summary
Research Aim 1 seeks to utilise the relationship between landslide area and volume
(Larsen et al., 2010) in order to increase the number of available areas in the RI for
use with the power-law distribution. Only RTL and the combined LSS classifications
included enough data points from which this relationship could be defined (Figure
3.2). For RTL and LSS , the relationship was comparable to that of (Larsen et al.,
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Figure 3.6: Taken from Wood et al. (2015). Area frequency distribution for LSS (post-1970)
separated by the RI (All), BRGM and WSL datasets.
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Table 3.3: Adapted from Wood et al. (2015). The total LSS area recorded in the RI for the
unified RI and for each of the individual sources. This is compared to estimates of area affected by
LSS which is based on the maximum magnitude (ML) recorded from the power-law distribution
(calculated from Equation 3.4). The percentage (%) of data estimated as missing is calculated
from the discrepancy between recorded and estimated areas.
Source Total LSS Magnitude Estimated % data
area recorded Min. Max. Range Mean affected area missing
in RI (km2) (ML) by LSS (km
2) from RI
A
ll
y
ea
rs
&
u
n
d
a
te
d
RI 480.95 2.26 6.74 4.48 4.34 16948.18 97.16
Abele 461.60 2.87 6.74 3.87 5.36 16948.18 97.28
BRGM 1.75 1.33 4.52 3.19 2.72 102.00 98.29
WSL 9.57 2.21 4.41 2.21 3.42 79.28 87.93
P
o
st
-
1
9
7
4
RI 14.95 2.25 4.56 2.31 3.55 112.50 86.71
BRGM 1.28 1.27 3.56 2.29 2.44 11.25 88.64
WSL 9.49 2.21 4.41 2.21 3.41 79.28 88.03
P
o
st
-
1
9
7
0
RI 15.37 2.25 4.56 2.31 3.56 112.50 86.34
BRGM 1.67 1.27 3.65 2.38 2.50 13.55 87.67
WSL 9.52 2.21 4.41 2.21 3.41 79.28 87.99
2010, Figure 3.3 and Table 3.1). The relationship was applied to landslides in the
RI; the number of available areas was increased from 208 to 688 for LSS (Table 3.2).
Research Question 1 investigates the self-similar scaling relationship which
exists between landslide area and frequency, which manifests a log-linear trend in
the tail of the power-law distribution. This relationship is best demonstrated by LSS
for the post-1970 period (Figure 3.6 and Table 3.3). To demonstrate the goodness of
fit of the theoretical distribution to landslides in the RI, the range of magnitudes that
the distributions crossed were considered; the lowest range of magnitudes observed
were for LSS in the WSL dataset and for LSS in the RI for the post-1970 period;
these best matched the theoretical distribution (Figure 3.6 and Table 3.3)
While the post-1970 portion of the RI is an improvement on the distribution,
a result of ’no landslides ’ means that no landslide has been recorded, not that no
landslide has occurred. This potentially introduces a bias towards very large land-
slides (as is common in historical datasets) and towards those which have resulted
in damage to life, infrastructure and property; a potential factor in the underesti-
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Table 3.4: As Table 3.3 for RTL.
Source Total RTL Magnitude Estimated % data
area recorded Min. Max. Range Mean affected area missing
in RI (km2) (ML) by RTL (km
2) from RI
A
ll
y
ea
rs
&
u
n
d
a
te
d
RI 478.66 2.31 6.74 4.43 4.33 16948.18 97.18
Abele 459.79 2.87 6.74 3.87 5.36 16948.18 97.29
BRGM 1.63 1.37 3.87 2.50 2.73 22.77 92.84
WSL 9.28 2.25 4.41 2.16 3.40 79.28 88.29
P
o
st
-
1
9
7
3
RI 14.62 2.30 4.56 2.26 3.54 112.50 87.01
BRGM 1.20 1.23 3.56 2.34 2.43 11.25 89.33
WSL 9.28 2.25 4.41 2.16 3.40 79.28 88.30
P
o
st
-
1
9
7
0
RI 15.00 2.24 4.56 2.32 3.54 112.50 86.67
BRGM 1.55 1.27 3.57 2.29 2.44 11.29 86.27
WSL 9.27 2.91 4.41 2.22 3.39 79.28 88.30
mation of the medium-sized landslides. In all cases, for the post-1970 portion of
the RI, medium-sized LSS (those between 10−4 and 10−1 km2) are under-recorded
(Figure 3.6).
The compilation of different datasets provides a robust and comprehensive inven-
tory, closely matching the theoretical distribution. Despite discrepancies in landslide
record over time (as discussed in Section 2.4), the post-1970 portion of the RI follows
the theoretical frequency distribution (Figure 3.6) and is arguably representative of
the region, whilst slightly over-representing the frequency of large landslides. The
post-1970 inventory will therefore be used in the subsequent analyses within this
thesis.
Chapter 4
Topographic and geologic controls
- Level 3
4.1 Introduction
4.1.1 Geological and topographic setting: European Alps
The European Alps mark the boundary between the Eurasian and African plates.
Formed during the Late Cretaceous/Early Tertiary though the collision of these two
continents, the European Alps are geologically diverse and remain seismically active,
currently experiencing rapid rates of uplift (of between 1-2mm yr−1) and denuda-
tion (0.125mm yr−1; Fitzsimons & Veit, 2001). Continental and marine sediments,
deposited during the uplift of the Jura and the European Alps, form the Molasse
deposits of sandstones and conglomerates characteristic of the region (John et al.,
1983). The Molasse Basin plateau to the North of the European Alps (south of
Gex), remains relatively undisturbed (John et al., 1983), however across the Alps,
uplift and erosional processes have resulted in complex lithological and structural
patterns of overthrust nappes and folds (Fitzsimons & Veit, 2001, see Figures 4.1,
4.2, 4.3 and 4.4).
Valleys in the European Alps typically follow an east-west orientation, and show
signs of extensive glaciation through characteristic landforms and deposits (Figure
4.5; John et al., 1983; Fitzsimons & Veit, 2001; Benn et al., 2014). The Western
87
88 CHAPTER 4. TOPOGRAPHIC AND GEOLOGIC CONTROLS - LEVEL 3
Geology
Igneous
Metamorphic
Sediment
Sedimentary
Legend
1 0 1 degrees
Figure 4.1: French surface lithology data from the BRGM. Broad surface lithologies were classified
from the OneGeology Portal (see Appendix one, Figure 15).
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Figure 4.2: French surface lithology data from the BRGM.
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Figure 4.3: Swiss surface lithology data from SwissTopo. Broad surface lithologies were classified
from the OneGeology Portal (see Appendix one, Figure 15).
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Figure 4.4: Swiss surface lithology data from SwissTopo.
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European Alps stands higher than mountains in the east, with the highest and
steepest mountains being located towards the centre of the range; Mont Blanc in
the Western Alps at the French/Swiss border reaches 4,807 meters above sea level
(masl), while Grossglockner, the highest mountain to the east, stands at a modest
at 3,797masl (Fitzsimons & Veit, 2001, see Figure 4.5).
Glaciers cover an area of around 3,000 km2 (Figure 4.5), with Equilibrium Line
Altitudes (ELA) at an elevation of <3,500masl at the centre of the range, decreas-
ing to <2,500masl at the northern and southern margins, although this also varies
depending on elevation, latitude, aspect and the climate (Fitzsimons & Veit, 2001;
Rabatel et al., 2013; Braithwaite et al., 2013; Six & Vincent, 2014; Huss et al.,
2015). Since the end of the Little Ice Age (LIA), there has been a 30-40% decrease
in glaciated areas across the European Alps, matched with a rise in the lower per-
mafrost limit (Figure 4.6; Haeberli et al., 1997). Such a reduction in glacial cover
and permafrost extent may in the future lead to increases in debris flow and rockfall
activity (e.g. Haeberli et al., 1997; Fitzsimons & Veit, 2001).
4.1.2 Geologic and topographic influences on landsliding
Important controls on the spatial distribution of landslides include: topography, in
particular slope gradient and curvature, aspect and elevation (Van Asch & Sukman-
talya, 1993; Guzzetti et al., 1996; Terlien, 1998; Dai et al., 2002; Santacana et al.,
2003; Naoum & Tsanis, 2004; Ayalew et al., 2004; Ayalew & Yamagishi, 2005); ge-
ological controls, such as lithology, bedding structure and faulting (Dai et al., 2002;
Santacana et al., 2003; Fourniadis et al., 2007; Grelle et al., 2011); and seismicity
(Varnes, 1978; Keefer, 1984; Pearce & O’Loughlin, 1985; Kargel et al., 2016). The
following sections will discuss each in turn.
4.1.3 Topography
Metrics, such as elevation, aspect and slope gradient and curvature (i.e. whether the
slope is concave or convex), have been shown to have a significant influence on the
type, location and frequency of landslides (Guzzetti et al., 1996; Dai et al., 2002;
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Figure 4.5: The range of elevations within the European Alps. The locations of glaciers are also
shown. Glacier data were downloaded from GLIMS https://www.glims.org/
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Figure 4.6: The distribution of permafrost and glaciers within the European Alps. Data were
obtained from http://www.geo.uzh.ch/microsite/cryodata/PF_map_explanation.html, (af-
ter Boeckli et al., 2012)
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Ayalew et al., 2004; Kargel et al., 2016). The effects of these depend in part on
the depth of failure; whether the landslide is a shallow soil slide, or a deep seated
bedrock slide. For shallow landslides, aspect has an effect on soil moisture content,
vegetation cover and orographic precipitation (Naoum & Tsanis, 2004), represent-
ing important antecedent condition for shallow failures (Santacana et al., 2003). For
deep-seated rock mass failures, aspect plays an important role in freeze-thaw weath-
ering, whereby south-facing slopes (in the northern hemisphere) allow for ice thaw
to occur at greater depths within rocks than other aspects, leading to instabilities
occurring deeper within exposed rock faces (Mazzoccola & Hudson, 1996). In ad-
dition to the orientation of slopes, elevation is strongly coupled with temperature,
which has a bearing on mechanical weathering of rock faces; specifically through
freeze-thaw action in highly porous, jointed or fractured rock faces (Mazzoccola &
Hudson, 1996).
Studies have shown that the incidence of landsliding increases with slope gradi-
ent, reaching a maximum between 15 and 30◦, decreasing thereafter (Carrara et al.,
1982; Carrara, 1983; Burbank et al., 1996; Santacana et al., 2003; Kargel et al.,
2016). For large deep-seated mass movements, the friction angle (at which point a
landslide is likely to occur) lies somewhere between 20 and 40◦ for a wide variety of
rock types, decreasing to 10◦ in weathered rocks (Chemenda et al., 2005). Landslide
occurrence is thus closely coupled with slope gradient, particularly when bedding
planes are parallel to the angle of slope. Critical slope thresholds therefore depend
on local site conditions, bedding structure and jointing and fracturing within rock
masses. In a region so geologically diverse as the European Alps, this makes quanti-
fying representative slope stability thresholds across the region difficult (Dai et al.,
2002; Santacana et al., 2003; Fourniadis et al., 2007). Translational slides, flows and
blockslides (depending on slope and type of material), commonly occur along dip
slopes, with the largest occurring where bedding is almost parallel to or less steep
than the slope, and are largely dependent on faults within the rock mass (Guzzetti
et al., 1996). Where landslides occur on slopes where the bedding dips into the
slope, slope gradient plays a larger role in the type and pattern of slope failure. For
soil landslides, the slope gradient (and also the characteristics of the soil) play a
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significant role in ultimate failure (Van Asch & Sukmantalya, 1993; Terlien, 1998).
For the most common rainfall induced soil landslides, saturation depth is critical,
and decreases with an increase in slope gradient; shallower slopes (<40◦) therefore
require longer rainfall durations to initiate failure (Terlien, 1998).
Slope curvature and steepness play a role in determining the type, timing and
runout of shallow landslide failures (Dai et al., 2002; Ayalew et al., 2004; Ayalew
& Yamagishi, 2005). Concave slopes, specifically in the planform profile, allow
for pore-water pressures (pwp) to build, as groundwater flow converges (Santacana
et al., 2003; Ayalew & Yamagishi, 2005); high pwp is commonly associated with
debris-, earth- and mud-flows (Reneau & Dietrich, 1987; Anderson & Sitar, 1995;
Ayalew & Yamagishi, 2005) and complex landslides (see also Table 2.1). Concave
slopes also provide evidence of previous landslides in a region, and it has been posited
that concave slopes have a higher probability of landslide occurrence, as pwp take
longer to build on convex slopes (Ayalew & Yamagishi, 2005). Where sedimentary
deposits are present, reactivations can be common even on gentle concave slopes
(Guzzetti et al., 1996) while others have found convex slopes to favour more stable
conditions (Santacana et al., 2003).
Given that topographic features play such a varied and pivotal role in determin-
ing landslide size and occurrence, the following research questions are posited for
landslides in the European Alps:
Research Question 1 At what range of elevations, aspect and slope angles are
landslides recorded in the RI, and how do these compare with the region as a whole?
Research Question 2 Are landslides of different classes preferentially distributed
based on slope curvature and over what spatial scales?
4.1.4 Lithology and geologic structure
Lithological and structural setting have both been shown to directly influence land-
slide type, abundance and size (Pearce & O’Loughlin, 1985; Guzzetti et al., 1996;
Kargel et al., 2016). Lithology influences the susceptibility of slopes to landslid-
ing through two main mechanisms; through the strength of the weakest points and
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the stratigraphy of rock layers. Both marine and continental sediments were laid
down prior to, and during the formation of the European Alps, with tectonic forces
resulting in the uplift and folding of these horizons and the addition of pyroclas-
tic deposits. Extensive glaciation since the Last Glacial Maximum (LGM) has left
behind oversteepened valleys, glacial sediments and moraines (Fitzsimons & Veit,
2001). The current lithostratigraphy of the region includes permeable hard rocks,
such as limestone, sandstone and pyroclastic deposits, overlying softer, more imper-
meable marl and shale deposits. While lithology has been shown to impact on land-
slide size, discontinuities (i.e. bedding, lamination and faulting) provide mechanical
and hydrological controls on the development of failures, influencing landslide type,
distribution, location, timing and frequency (Pearce & O’Loughlin, 1985; Guzzetti
et al., 1996); however, over an area as large of the European Alps, these metrics are
difficult to quantify.
Runoff following rainfall events is limited where surface lithology is dominated
by permeable limestones and sandstones; allowing for pwp to build up between the
overlying layers and the softer marls, clays and shales underneath. Over time, these
pwp build up to a level conducive to failure. It is for this reason that landslides
in hard rocks manifest as large block and rock slides, such as seen after the LGM
where large limestone rockfalls up to 12 km3 dominated the recently deglaciated
landscape (Fitzsimons & Veit, 2001). Landslides in these harder, more porous rocks
therefore occur less frequently than the high frequency, low magnitude flow-type
landslides which are common in softer rocks (Guzzetti et al., 1996). Where large
heavy sandstone or limestone caps overlie softer marine clays and marls, the more
permeable hard rocks allow water to percolate, increasing pwp between the layers.
The weight of the cap on the underlying sediments can result in significant defor-
mation, leading to slope failure, often taking the form of lateral spreads, topples
and falls (Guzzetti et al., 1996). In other settings, lighter hard pyroclastic deposits
overlying softer marine sediments can again result in a build-up of pwp, and the
development of aquifers in the rock. These aquifers increase mechanical degrada-
tion of the underlying ductile rock, also resulting in falls, topples and slab failures
(Guzzetti et al., 1996). Harder rock outcrops on steeper slopes are dominated by
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rock falls and topples, and while lithology plays a significant role in the size of these
failures, they also significantly impacted by discontinuities within the rock (bedding
planes, joints, etc.; Tibaldi et al., 1995; Guzzetti et al., 1996).
It is clear that lithology and geology have an important influence over the type
and timing of landslides. In order to ascertain whether these controls are present
for large landslides (>30m2) in the RI, the following research questions are posited:
Research Question 3 Are different classes of landslide recorded more frequently
in certain lithologies or geologic groups?
Research Question 4 Does lithology influence the size of landslides recorded in
the RI?
4.1.5 Earthquakes
The triggering of landslides by earthquakes is a well documented phenomenon, with
both earthquake frequency and magnitude affecting the incidence of landsliding
(Keefer, 1984, 2002; Rodrıguez et al., 1999; Malamud et al., 2004b; Sidle & Ochiai,
2006; Korup et al., 2007; Meunier et al., 2008; Ballantyne et al., 2014; Kargel et al.,
2016). The European Alps are tectonically active, and have been undergoing a
period of deglaciation since the end of the Little Ice Age (LIA) (e.g. Haeberli et al.,
1997; Haeberli & Beniston, 1998; Fischer et al., 2006; Haeberli et al., 2008). Studies
have identified glacio-isostatic crustal uplift, associated with glacial recession, as a
driver of seismic events and rock-slope failures in mountain regions (e.g. Grollimund
& Zoback, 2001; Van Vliet-Lanoe¨ et al., 2004; Jarman, 2006; Brandes et al., 2012;
Ballantyne et al., 2014; Zhan et al., 2016). Furthermore, the tectonic history of
a region influences the degree of landslide activity through affecting the degree of
bedrock faulting, particularly in areas of high relief (Guzzetti et al., 1996). Lithology,
location and bedding have been shown to both modify the influence of earthquakes
on landsliding, whilst also affecting the landslide type (Dramis & Sorriso-Valvo,
1994; Guzzetti et al., 1996). Lithology and rock structure can mediate the effect
of seismic triggering of landslides, whilst antecedent rainfall conditions can also
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exacerbate this effect (Tibaldi et al., 1995; Guzzetti et al., 1996). Therefore, the
final question of the chapter is posited:
Research Question 5 Are any landslides recorded in the RI triggered by earth-
quakes?
4.2 Methods
4.2.1 Topography
Research Questions 1 and 2 aim to ascertain the range of elevations, aspects and
slope geometry (specifically gradient and curvature) at which landslides occur. 90m
SRTM data were obtained for the area covering the European Alps. These data were
compared with the higher resolution Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) 30m Digital Elevation Model (DEM). For elevation
there was a strong correlation between the two datasets (see Appendix one, Figure
14, and other studies have shown that both SRTM and ASTER DEMs provide an
analogous representation of Earth’s surface (Nikolakopoulos et al., 2006). Given the
significant correlation between the two datasets, the wide area covered by the RI
(and thus increased computational power) and without detailed data pertaining to
the accuracy of the recorded landslide locations in the RI, a decision was made to
use 90m SRTM data in the following analyses.
In order for comparisons to be made between the sampled landslide topography
data and the region as a whole, the Nomenclature of Terrestrial Units for Statistics
(NUTS2010) dataset was used to define the region1 of interest. The BRGM use the
same NUTS2010 data to define the boundary regions in their online databases (c.f.
Figures 2.1 and 4.7), and full coverage of Switzerland and Austria area also provided
by the NUTS2010 boundaries; thus providing a sensible definition for the region
in the context of this analysis. Municipalities were selected from the NUTS2010
dataset by the presence of landslides from the RI within each polygon. Polygons
1the region was defined using NUTS2010 data which provides municipality data for Europe; see
also Figure 4.7
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were selected in Quantum Geographic Information System (QGIS) using the Select
by Location tool. The European Alps region was then saved as a shapefile and used
to crop the newly created rasters, described in the following sections, in R (see Figure
4.8 and Appendix three, Script 4). Differences in the distribution of topographic
metrics between the RI and region were taken as potential controls on landsliding.
The following sections detail the methods used for calculating the aforementioned
topographic variables.
Aspect
The QGIS Terrain Analysis plugin was used to calculate aspect across the region
from the cropped 90m SRTM elevation data (Figure 4.8). These data were then
sampled into the RI in R (see Appendix three, Script 3). Windrose diagrams were
then created for different landslide categories in the RI for comparison with the
distribution of slopes across the region. Kuiper’s tests, which test for difference
between two distributions (for circular data; Kuiper, 1960; Berens, 2009), were then
used to test whether the range of aspects at which landslides in the RI are recorded
were significantly different from the aspects of all slopes in the region. A subsequent
regression analysis, looking at the affect of aspect on LSS size, was carried out in
R; terms for sin(x) and cos(x) were substituted into the linear model lm() in R to
account for the circular nature of the data.
Elevation
Similarly to the evaluation of aspect, the cropped 90m SRTM data were directly sam-
pled into the RI in R (Figure 4.8; see Appendix three, Script 3). Boxplots were used
to visually compare the range of elevations at which the different landslide classes
were recorded in the RI in comparison with the region as a whole. Kolmogorov-
Smirnov (KS) tests, which test for difference between two distributions, were per-
formed on elevation data, comparing the region with the RI.
Elevation, which is also a proxy for temperature, has been posited as an im-
portant influence on landsliding in topographically diverse mountain environments.
The European Alps is a glaciated environment, with large areas of permafrost (Fig-
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Figure 4.7: The NUTS2010 regions provide a municipality boundary for data used in the RI. The
BRGM uses the same boundaries for it’s data provision, and so these were in line with data already
contributing to the RI. Points indicate the locations of landslides recorded in the RI.
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ures 4.5 and 4.6). Over the 20th and 21st Centuries (and particularly since the
1970s), the European Alps have experienced significant permafrost melt and glacial
recession (Haeberli & Beniston, 1998; Harris et al., 2009). Regression analysis was
therefore undertaken on LSS to ascertain whether landslide size was effected by
elevation. This analysis was carried out in R with the use of the lm() function.
Slope gradient
The Terrain Analysis plugin was again used to calculate slope angle across the region
from the cropped 90m SRTM data (Figure 4.8). These data were then sampled into
the RI in R (see Appendix three, Script 3). Boxplots were used to compare visually
the range of slope angles at which the different landslide classes were recorded in the
RI in comparison with the region as a whole. KS tests were additionally performed
on the slope gradient data, comparing the region with the RI, to test for difference
between the distributions.
Slope curvature
Profile curvature provides information about the concavity or convexity of the
downslope profile, while plan curvature represents the curvature of the surface per-
pendicular to the direction of slope (Ayalew & Yamagishi, 2005). When combined,
they define the direction of flow across the slope, and so are fundamental to the un-
derstanding of landslide triggers and potential runout extent and direction (Ayalew
et al., 2004; Ayalew & Yamagishi, 2005).
Research Question 2 aims to assess whether slope curvature has an influence
on landsliding in the RI, and whether landslides are more frequently recorded on
certain slope profiles. Both plan and profile slope curvature were calculated in
R from 90m SRTM data. The method described by Evans (1980) to calculate the
height (z) of a 3x3 surface (in this instance, with a length scale of 270m) is described
by the polynomial:
From this, both profile kv and plan curvature kh are calculated (after Florinsky,
1998; Veronesi, 2012, Equations 4.2 and 4.3).
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4.1: Calculation of the surface height z (after Evans, 1980).
z =
rx2
2
+
ty2
2
+ sxy + px+ qy + u (4.1)
4.2: Profile curvature of a slope
kv = − p
2r − 2pqs+ q2t
(p2 + q2)
√
(1 + p2 + q2)3
(4.2)
4.3: Planform curvature of a slope
kh = − q
2r − 2pqs+ p2t
(p2 + q2)
√
1 + p2 + q2
(4.3)
Following the calculation of the new rasters, both planform and profile curva-
ture data were smoothed using a circular low-pass filter with a diameter of ∼900m
(0.00833◦ latitude/longitude) in order to remove small-scale topographic variation
which may obscure the overall slope profile; 900m was selected as the focal radius as
it represents an area ten times the size of the resolution (90m), whilst not obscuring
some of the smaller valleys in the European Alps. The smoothed data was then
sampled into the RI. The proportion of convex to concave slopes was calculated for
the region as a whole, and the total counts of both convex and concave slopes were
calculated for landslides in the RI (for both plan and profile curvatures). χ˜2 tests
assess the goodness of fit between a set of observed categorical values and those
expected theoretically. The total counts of convex and concave slopes on which
landslides occurred were tested to see if they significantly differed from the expected
proportion for the region as a whole, or whether landslides have a propensity to
occur on certain types of slope. KS tests were additionally carried out on raw values
for plan and profile curvature for the region and for landslides in the RI to test for
difference between the distributions.
4.2.2 Lithology and geologic structure
Studies have shown that landslide size and frequency are both affected by litho-
logical constraints (Pearce & O’Loughlin, 1985; Guzzetti et al., 1996). Research
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Figure 4.8: The region as defined by the NUTS2010 boundaries. 90m SRTM elevation data
(middle) was cropped to the region boundary (see also Figure 4.7) and used to calculated aspect
(top) and slope angle (bottom) in QGIS using the Terrain Analysis plugin.
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Question 3 aims to identify whether different landslide classes are preferentially
distributed across certain lithological groups; specifically sedimentary, igneous and
metamorphic rocks, or superficial sediment (which result from glacial, periglacial
and slope processes). Surface lithology was obtained from the BRGM (Figures 4.1
and 4.2) and Swiss Topo (Figures 4.3 and 4.4) via the One Geology Portal (One-
Geology, 2010). BRGM lithology data were available at a resolution of 1:1 million,
while the Swiss Topo data were available at 1:500 thousand (OneGeology, 2013).
Both the Swiss and French lithological data was cropped to the extent of the RI
using the NUTS2010 regions; these new shapefiles were merged in QGIS. Broad
lithological groups (i.e. classes of sedimentary, metamorphic or igneous rocks, and
for superficial sediments) were not available in the shapefiles, and so the .dbf file
was additionally edited in R, and broad lithological definitions from the OneGeology
Portal were assigned to each polygon in R (see Appendix one, Figure 15). These
data were then sampled into the RI in R.
Percentage surface areas were computed for each lithological group in the region
from the combined BRGM and SwissTopo shapefile. Frequencies of landslides in the
RI occurring in each of the lithological groups were also calculated. χ˜2 tests were
then used to determine whether landslides in the RI were preferentially distributed
across certain lithologies, with percentage area for the region taken as the predictor
variable and landslide frequencies from the RI as the observed values.
Research Question 4 aims to see if different lithologies have an effect on
landslide size. Given the limited number of landslides in the RI with area data
(see discussion in Section 3.3.1), only LSS and the broad lithological groups were
considered for this analysis. LSS size distributions were compared for each litholog-
ical group (sedimentary, igneous and metamorphic rocks, and superficial sediments
which result from glacial, periglacial and slope processes) for the whole region, and
for the Swiss and French portions of the RI individually.
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Figure 4.9: Theoretical distribution showing the potential area affected by landslides by different
magnitude earthquakes, after Keefer (1984).
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4.2.3 Earthquakes
Earthquakes present an important landslide trigger (Keefer, 2002; Malamud et al.,
2004b; Korup et al., 2007; Kargel et al., 2016). As this research is aiming to under-
stand climatic landslide triggers, it is important that other triggers, such as earth-
quakes, are identified as they will potentially obscure the climate signal; Research
Question 5 therefore addresses this issue.
For landslides triggered by earthquakes, a minimum magnitude of M∼4.0 has
been posited; Malamud et al. (2004b) suggest M=4.3±0.4, while Tibaldi et al. (1995)
and Keefer (2002) suggest M≥4. Given this relationship, and the importance of pin-
pointing landslides in the RI potentially triggered by earthquakes, earthquake data
were downloaded from the United States Geological Survey (USGS) (who provide
global data on earthquake magnitude, timing and location; USGS, 2014, see Figure
4.10) for the region covering 38-53◦ latitude and 1-21◦ longitude for the period 1900
to 2010. A total of 3,176 earthquakes of magnitude M≥4 were returned from the
query.
The relationship between the earthquake area of influence A’ for a given mag-
nitude M has been defined by Keefer (2002) as (see Figure 4.9):
4.4: Relationship between earthquake magnitude and the potential area affected by landsliding
as defined by Keefer (2002), where A’ is the potential area affected, and M is the earthquake
magnitude.
log10A
′ = M − 3.46(±0.47) (4.4)
This equation (4.4) was applied to the USGS earthquake data and landslides
in the RI in R (Appendix three, Script 6). For each recorded earthquake in turn,
the relationship (defined by Keefer, 2002, Equation 4.4) was used to calculate a
buffer around the earthquake epicentre, describing the area of influence A′ of the
earthquake. Landslides intersecting this buffer on the day, and in the week, month
and year following the earthquake were highlighted in the analysis.
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Figure 4.10: Showing the distribution of earthquakes >M4 in the European Alps from 1900 to
2010 (note: only eight of the recorded earthquakes occur prior to 1969). Earthquake data is taken
from the USGS (http://earthquake.usgs.gov/earthquakes/search/).
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4.3 Results
4.3.1 Topography
Research Question 1 seeks to identify whether landslides occur randomly across
the European Alps, or whether they are preferentially distributed based on topo-
graphic characteristics, irrespective of trigger mechanism. The results for aspect,
elevation, slope gradient and curvature are presented in the following sections.
Aspect
Across the European Alps, there is a clear north-south bias in slope orientation;
highlighting the predominantly east-west orientation of valleys (Figures 4.8, 4.11
and 4.12). This pattern is reflected in the aspect of landslides in the RI however,
RTL (Figure 4.11a), LSS (Figure 4.11b), rock and flow landslides (Figures 4.12a
and 4.12c) show a bias towards south-facing slopes (as suggested by Mazzoccola &
Hudson, 1996). For slides, the orientation is mixed, with a dominance for east-facing
slopes (Figure 4.12b). For all of the classifications of landslide (with the exception of
complex landslides), the Kuiper’s test showed that aspect was significantly different
(p < 0.01) than that of the European Alps region (Table 4.1). When compared with
the region, the distribution of complex landslides showed no significant difference
(Figure 4.12d and Table 4.1).
Regression analysis was carried out for LSS in the RI to assess whether aspect
had any influence on landslide size (this was only carried out for LSS as other
classes included too few areas, see Sections 3.3.1 and 4.1.3 for discussion). The
results showed that aspect did not have a significant effect on landslide size (Figure
4.13), suggesting that other factors, such as structure, have a more prominent affect
on landslide size.
Elevation
The elevation of the region is highly variable; ranging from sea level up to ∼4,500
masl (Figures 4.8 and 4.14). Glaciers are located amongst the 25% of the highest
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Figure 4.11: Showing RTL (red) and LSS (green) aspect compared with the region (grey).
elevations across the region; with a mean elevation of 2,971 masl, and ranging from
1,353 masl on a north-facing slope near to the Grosser Aletsch Glacier (to the north-
east of Sierre), up to 4,434 masl on the Swiss/Italian border on Monte Rosa (near to
Zermatt, a settlement with a population >5,000 directly to the south-east of Sierre,
see Figure 1.1; Figure 4.14). Around 20% of landslides (n=1536) are recorded within
10km of a glacier (Appendix one, Figure 16). Settlements across the European Alps
region (with populations>1,000) range from 1 masl at Saint-Mandrier-sur-Mer (with
a population of ∼7,000; to the east of Six-Fours-les-Plages) up to 2,326 masl at Val
Thorens (to the north-east of Gap, with a population of ∼2,500; see Figures 1.1
and Figure 4.14). The majority (∼90%, n=6764) of landslides in the RI are located
within 10 km of a settlement with a population of >1,000 people (see Figure 1.1
and Appendix one, Figure 17), whilst only 11% (n=818) are recorded within 1 km
of a settlement.
The majority of landslides in the RI are recorded below ∼1,750 masl (Fig-
ure 4.14). The highest recorded landslide elevation in the RI is for a rock fall
(ID:7477), occurring at 3,953 masl in metamorphic rock; however, the majority of
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Figure 4.12: Showing the aspect of the different landslide types (rock, slide, flow and complex ) in
the RI compared with the distribution of slopes across the region.
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Figure 4.13: Landslide size has been shown to be affected by topography (Van Asch & Sukmantalya,
1993; Guzzetti et al., 1996; Terlien, 1998; Dai et al., 2002; Santacana et al., 2003; Naoum & Tsanis,
2004; Ayalew et al., 2004; Ayalew & Yamagishi, 2005). Presented here is the relationship between
LSS size and (top) aspect, (middle) elevation and (bottom) slope. Linear models were applied
to the elevation and slope data to test for significance in the relationship between these and LSS
size. For aspect, sin(x) + cos(x) were included as terms in the linear model as a linear model is
not applicable to circular data.
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Table 4.1: Results from the examination of aspect in the RI. Kuipers test provides a test for
circular data and was performed for the different classes of landslide against the distribution of
aspect across the region of the RI (as highlighted in Figures 4.11 and 4.12).
Type (mvmt) p-value k-stat Critical Value
RTL <0.001 1.1342e+010 4.2830e+009
RTL (loc=T) <0.001 9.6829e+009 3.7577e+009
LSS <0.001 1.1028e+010 4.5106e+009
LSS (loc=T) <0.001 1.0177e+010 3.8183e+009
Rock <0.001 5.5139+009 2.3025e+009
Slide <0.005 1.3419e+009 1.2884e+009
Flow <0.001 2.2725e+009 9.8149e+008
Complex >0.1 5.1558e+008 -
rock landslides occur between ∼500 and 1,300 masl. The highest elevations for
other classes are ∼3,000 masl (3,047 masl for complex, ID:4118; 2998 masl for LSS ,
ID:3015) with the exception of flows, at ∼2,242 masl (ID:7780). Complex landslides
occur at the lowest range of altitudes, at between ∼250 and 800 masl; although a
few outliers are found above 3,000 masl (ID:4118,4119; see also Figure 4.14).
KS tests compared each of the landslide classes with the region to see if the
range of elevations at which landslides were recorded were representative of the re-
gional range of elevations. The distributions for all landslide classes were found to
be significantly different (Table 4.2). Regression analysis was also carried out to
determine whether elevation had an effect on LSS size. The results from the regres-
sion showed a significant positive correlation between landslide size and elevation
(Figure 4.13), although it is not clear from these analyses whether this is related
to elevation (and associated temperature gradients) or slope steepness (discussed in
the following section) which is also positively correlated with both elevation (linear
slope = 0.005, R2 = 0.09, p < 0.01) and landslide size (see following discussion,
Figure 4.13 and Appendix one, Figure 18).
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Figure 4.14: Elevation distributions for the region (grey), and for the different landslide classes.
The horizontal bar represents the median value, the boxes represent the 25th and 75th percentile,
whiskers represent the range of the data, with outliers represented as points. The notches around
the median show the 95% confidence intervals that the medians of each class are different. For
glaciers, data were obtained from the WGMS (WGMS, 2014, see also Figure 4.5) and cities across
the European Alps were selected base on population (>1000), from the GeoNames geographical
database (GeoNames, 2016, www.geonames.org/); Figure 1.1.
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Table 4.2: Results from the examination of elevation in the RI. Two-sample KS tests were per-
formed on the data comparing the elevation for different landslide types with the range of elevations
over the region of the RI (as highlighted in Figure 4.14).
Type (mvmt) D p-value
RTL 0.1765 <0.001
RTL (loc=T) 0.2227 <0.001
LSS 0.1565 <0.001
LSS (loc=T) 0.2242 <0.001
Rock 0.1132 <0.001
Slide 0.1512 <0.001
Flow 0.3634 <0.001
Complex 0.3373 <0.001
Slope gradient
In general, the majority of slopes in the European Alps are between ∼5-20◦, but
there are areas where this reaches >80◦ (Figure 4.15). Steeper areas tend to be
towards the centre of the range, with decreasing slope angles towards the periph-
ery (Figure 4.8). Typically, landslides in the RI occur on steeper slopes than the
distribution for the European Alps region (with a mean of 13.89◦ for the region);
highlighted by the higher mean slope angles for RTL (16.06◦), LSS (16.33◦), rock
(19.95◦) and slide (18.75◦) landslide types; while both flow (11.75◦) and complex
(9.84◦) landslides occur on shallower slopes (Figure 4.15). This contradicts other
studies which suggest that mobilisation of flow-type landslides requires slopes with
steep gradients (Anderson & Sitar, 1995; Iverson, 1997). Complex landslides can
include a range of movement types, and in both the BRGM and WSL datasets,
include subsidence and collapse (e.g. Appendix one, Figure 10d); perhaps explain-
ing the lower slope angles seen within this class in comparison with the region as a
whole. The rock class presents the highest slope angles across landslides recorded in
the RI, consistent with other studies which show rock falls and topples can trigger
as a result of permafrost degradation at high altitudes, occurring predominantly in
oversteepened deglaciated valleys (e.g. Haeberli et al., 1997; Haeberli & Beniston,
1998; Gruber et al., 2004a); in addition to this, slope angle is also positively corre-
4.3. RESULTS 115
lated with elevation (see Appendix one, Figure 18). KS tests showed that the range
of slope angles on which all classes of landslide occurred were significantly different
than the range of slope angles across the European Alps region (Table 4.3).
Table 4.3: Results from the examination of slope in the RI. Two-sample KS tests were performed
on the data comparing the slope for different landslide types with the range of slopes over the
region of the RI (as shown in Figure 4.15).
Type (mvmt) D p-value
RTL 0.201 <0.001
RTL (loc=T) 0.1948 <0.001
LSS 0.2029 <0.001
LSS (loc=T) 0.1931 <0.001
Rock 0.2484 <0.001
Slide 0.3112 <0.001
Flow 0.2134 <0.001
Complex 0.1938 <0.001
Slope curvature
Research Question 2 seeks to ascertain whether slope curvature has an influence
on the location of landslides in the European Alps; i.e. whether they are pref-
erentially distributed based on slope curvature. Across the region, concave slopes
dominate, covering ∼90% of the land surface in both planform and profile directions
(Table 4.4). The majority of LSS in the RI are also recorded on concave slopes;
with ∼60% and ∼70% of LSS in the RI occurring on concave slopes in planform and
profile directions, respectively. Results from the χ˜2 and KS tests showed that given
the distribution of concave and convex slopes across the region, and the number of
LSS occurring on these, landslides in the RI are preferentially distributed on convex
slopes (Table 4.4).
4.3.2 Lithology and geology
Across the region, lithology is highly variable, with sedimentary rocks dominating
the landscape, covering ∼43% of the surface lithology of the region, followed by
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Figure 4.15: Slope distributions for the region (grey), and for the different landslide classes. The
horizontal bar represents the median value, boxes represent the 25th and 75th percentile, whiskers
represent the range of the data, with outliers represented as points. The notches around the median
show the 95% confidence intervals that the medians of each class are different. When compared
with the region, the medians of RTL, LSS , rock and slide are significantly higher, with flow and
complex being significantly lower. As with elevation, the medians for LSS and RTL overlap.
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Table 4.4: Slope curvature for the region and for the RI. For the region, curvature is represented
by proportion, while for the RI, the number of landslides are provided. The results from both χ˜2
and KS tests are shown.
region RI χ˜2 test KS test
Concave Convex Concave Convex χ˜2 df p-value D p-value
Plan 0.877 0.123 4842 3077 5158.1 1 <0.001 0.1555 <0.001
Profile 0.892 0.108 5725 2194 2350.5 1 <0.001 0.2324 <0.001
metamorphic rock (∼19%) and igneous rock (∼9%; Figures 4.1, 4.2, 4.3, 4.4 and
4.16). Superficial sediments, resulting from glacial, periglacial and slope processes,
cover the remaining ∼24% of the landscape. If landslide distributions were not
affected by lithology, one might expect the distribution of landslides in the RI to
mirror this distribution; however, studies have shown that lithology has an effect on
the type, frequency and size of landslides (e.g. Pearce & O’Loughlin, 1985; Tibaldi
et al., 1995; Guzzetti et al., 1996).
Research Question 3 is concerned with the distribution of landslides across
the different (broad) lithologies, and whether the different landslide types occur
more frequently under certain lithologies than others. The majority of landslides in
the RI are recorded on sedimentary rocks (41%), followed by superficial sediments
(22%), metamorphic (17%) and igneous rocks (9%; Figure 4.17); the remaining
∼10% remain unclassified. χ˜2 tests were used to ascertain whether the distribution of
landslides are preferentially situated across the different (broad) surface lithologies.
The percentage surface area covered by sedimentary, igneous and metamorphic rocks
(and also superficial sediments and areas with unclassified geology; Table 4.5) were
taken to represent expected landslide distributions, while landslide frequency data
for each landslide class (e.g. LSS , RTL, rock, etc.) in the RI were used as recorded
values for comparison (Table 4.6). χ˜2 showed that recorded landslide frequencies in
the RI were significantly different than expected based on the surface lithology of
the region; suggesting that different classes of landslide are preferentially situated
across the different lithological types (Table 4.7).
Research Question 4 seeks to determine whether the documented relation-
ship between lithology and landslide size (Guzzetti et al., 1996), is present for LSS
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Figure 4.16: Percentage area covered by the different surface lithology types across the region.
Data are also separated by country (FR including the BRGM data, and CH showing data from
SwissTopo). Data provide a graphical representation of the figures described by Table 4.5
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Figure 4.17: Landslide frequency separated by lithology for landslides in the RI. Data provide a
graphical representation of the figures described in Table 4.6.
recorded in the RI. LSS with recorded area represent ∼10% of the RI (see Table
3.2); with >70% of these including exact location. The WSL dataset contributes
85% of the total number of LSS in the RI with both known location and landslide
area data, with the remaining 15% coming from the BRGM and other sources (see
Chapter 3 for full discussion); the WSL dataset if therefore more representative of
the region in this analysis. LSS occurring on igneous rocks have a higher mean area,
and are thus associated with larger LSS (Figure 4.18). There is little to distinguish
between the means for the other rock types across the region. For the French por-
tion, there are large differences in the means, however the sample size of each is
small (for LSS in the BRGM portion of the RI igneous n=11, metamorphic n=22,
sedimentary n=31 and for sediment n=10) and so is not necessarily representative
across the broader region.
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Figure 4.18: Landslide area separated by geology type for the region (top), the French (middle) and
Swiss (bottom) portions of the RI. The vertical bar represents the median value, boxes represent
the 25th and 75th percentile, whiskers represent the range of the data, with outliers represented
as points.
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Table 4.5: Percentage area across the region covered by each of the broad surface lithology types.
Data are derived from analysis of the combined BRGM and SwissTopo lithology datasets, with
percentage areas calculated in QGIS.
Region FR CH
Igneous 9.356 15.241 1.883
Metamorphic 18.583 20.379 16.302
Sediment deposits 24.051 23.831 24.330
Sedimentary 43.434 40.550 47.096
Unclassified 4.576 -1.421e-14 10.388
Table 4.6: Broad lithology classes fromm the BRGM and SwissTopo datasets were sampled into
the RI. Data presented below show landslide frequency counts and (%) by lithology.
Complex Flow Rock RTL Slide Unknown
Igneous 20 (9.2) 1 (0.4) 189 (11.9) 429 (8.2) 74 (13.5) 0 (0%)
Metamorphic 31 (14.3) 42 (15.6) 336 (21.2) 866 (16.5) 105 (19.1) 0 (0)
Sediment 62 (28.6) 26 (9.6) 318 (20.0) 1196 (22.8) 147 (26.8) 0 (0)
Sedimentary 87 (40.1) 194 (71.9) 580 (36.5) 2204 (42.1) 216 (39.3) 0 (0)
Unclassified geol. 17 (7.8) 7 (2.6) 165 (10.4) 544 (10.4) 7 (1.3) 56 (100)
Table 4.7: χ˜2 test results for test carried out between the percentage area covered by the different
lithology classes across the region (from Table 4.5) and the number of landslides in the RI recorded
on each of the different surface lithologies (from Table 4.6).
Type χ˜2 df p-value
RTL 411.0631 4 <0.01
LSS 327.1857 4 <0.01
Slide 26.9463 4 <0.01
Rock 162.1177 4 <0.01
Flow 100.5037 4 <0.01
Complex 9.5941 4 0.04785
4.3.3 Earthquakes
Research Question 5 is concerned with identifying any landslides in the RI which
have potentially been triggered by earthquakes. Earthquake data were downloaded
from the USGS, covering an area wider than that of the RI (Figure 4.10). The po-
tential area affected by earthquakes was calculated (after Keefer, 2002, see Equation
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4.4 and Appendix three, Script 6). There are no landslides recorded in the RI on
the day, or within the week month or year of any earthquake downloaded from the
USGS. It must therefore be assumed that all of the landslides recorded in the RI
were triggered by other factors.
4.4 Summary
The European Alps are topographically and geologically diverse, and Research
Question 1 seeks to identify whether landslides are preferentially distributed based
on topographic characteristics, irrespective of trigger mechanism. In order to answer
this, 90m SRTM data (collected in February 2000; Farr et al., 2007) were obtained
for the European Alps. The analyses presented here show that landslides recorded in
the RI are affected by variation in elevation, aspect and slope gradient (see Figures
4.11, 4.12, 4.14, 4.15 and Tables 4.1, 4.2, 4.3). Whilst the results show a statistically
significant difference in elevation and slope gradient between the region as a whole
and areas where landslides have been recorded, there are a number of limitations to
these.
For the RI, 75% of landslides with recorded date of initiation (n = 5090) occur
prior to February 2000; with a total of 11% occurring prior to 1970. This introduces
bias into the results as some of the topographic metrics which change following a
landslide (slope gradient and curvature and elevation) will be recorded for the land
surface prior to, or following landslide occurrence due to the date of collection for the
SRTM data. A study by Bell et al. (2012) considered landslide persistence as a mea-
sure of determining landslide age; they found that the morphological characteristics
were evident for between four and 320 years, but this varied significantly between
landslide types and they found no clear trend. As such, evidence for landslides
occurring prior to 2000 may also not be apparent; thus resulting in this being a
consistent bias for landslides in the RI.
There is also a bias towards the distribution of landslides being recorded pre-
dominantly in the Swiss and French Alps (Figure 2.4). As discussed in Section 4.2.1,
the Nomenclature of Terrestrial Units for Statistics (NUTS2010) were used to define
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the region covered by the RI. The Modifiable Areal Unit Problem (MAUP) there-
fore becomes an issue as NUTS2010 regions were selected based on the presence
of a landslide; for the western Alps there is a higher proportion of landslide data
points per unit area compared with the east biasing the comparison with the region
to the distribution of topographic metrics associated with landsliding (particularly
for Austria; Figure 4.7). In addition the MAUP is an issue when using point data
(e.g. the point locations for landslide) to describe a feature that occurs across an
area. There is also lack of detailed information relating to the precision of landslide
location. Both of these issues are in part overcome with the use of the coarser (90m)
resolution SRTM data which covers a larger area than the finer resolution ASTER
DEM (as discussed in Section 4.2.1).
In terms of aspect, landslides are recorded more frequently on south-facing slopes
(Figures 4.11 and 4.12); with the exception of complex landslides. The prevalence of
landslides on south-facing slopes could be the result of temperature gradients, which
are more pronounced at these aspects, due to a larger-scale structural setting, or
due to factors relating to orographic precipitation in the case of shallow landslides
(e.g. Mazzoccola & Hudson, 1996; Santacana et al., 2003; Naoum & Tsanis, 2004).
The analyses presented here do not (at this stage) allow for further investigations
into the bedding and structural setting of landslides recorded in the RI.
A positive (weak, slope = 0.001) correlation was found between elevation and
landslide size (Figure 4.13). Elevation is a proxy for both slope gradient and tem-
perature; this positive correlation may therefore show that temperature gradients
play a role in landslide initiation and size in the region (e.g. Mazzoccola & Hud-
son, 1996). The distribution of glaciers across the European Alps is also strongly
controlled by elevation and aspect (Evans, 1977; Evans & Cox, 2005; Evans, 2006).
Glacier recession has been documented in the European Alps throughout the 20th
Century (Vincent, 2002; Hoelzle et al., 2003; Paul et al., 2004; Zemp et al., 2007;
Huss et al., 2008, 2010; Leclercq & Oerlemans, 2012). Estimates of glacier length
and mass balance show (depending on the size, aspect and slope gradient of the
glacier) that there has been a reduction in glacier area by around a third since the
1980s (Paul et al., 2011); equating to an ice volume loss of ∼4km−3 (Huss et al.,
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2010), and a reduction in glacier length by ∼0.25m yr−1 (Hoelzle et al., 2003). 0.5%
(n=41) of recorded landslides in the RI occur within 1km of an existing glacier (Ap-
pendix one, Figure 16); given the reduction in glacier length over the duration of the
RI, it is possible that the triggering of these landslides can be directly attributed to
glacial recession. A further 10% of recorded landslides occur within 5km, and 20%
within 10km of existing glaciers in the European Alps (Appendix one, Figure 16).
In line with other studies, most landslides recorded in the RI occur on slopes
between ∼15-30◦. In the RI, landslides are typically recorded on steeper slopes
than across regional averages, with flow and complex landslides occurring on much
shallower slopes. For complex landslides, this might be expected as they include sub-
sidence and collapse, however flows are generally only initiated under steep terrain.
The mean elevation for flows is significantly higher than for any other landslide class;
given that slope gradient increases with elevation (Appendix one, Figure 18), this
could suggest that slope gradients in the region are underestimated by the SRTM
data.
Research Question 2 investigates both planform and profile curvature, which
have both been shown to influence the occurrence of landslides. Concave slopes have
been shown to be more susceptible to landslide failures than convex slopes (Reneau
& Dietrich, 1987; Anderson & Sitar, 1995; Santacana et al., 2003). The distribution
of concave and convex slopes across the region highlight the dominance of concave
slopes (for both planform and profile curvature, covering 80% of the region; Ta-
ble 4.4). χ˜2 tests compared this distribution (as the theoretical distribution) with
curvature recorded for landslides in the RI; showing landslides to be preferentially
distributed on convex slopes for the RI. KS tests also highlighted a difference be-
tween the distribution of concave/convex slopes for the RI and for landslides. While
concave slopes are said to be more prone to landsliding, a study by Ayalew et al.
(2004) found no difference in landslide densities between concave and convex profile
curvatures.
Research question 3 looks for differences between the lithologies on which
landslides in the RI occur. Comparing the distribution of surface lithology (using
the broad classifications) with the number of landslides recorded on each lithology,
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there is a similar pattern across the majority of classes, with most landslides being
recorded on sedimentary rocks which dominate the landscape. Flows however, have
a much higher recorded frequency on sedimentary rock than might be expected;
71.9% of all flows are recorded on sedimentary rock (Table 4.6, 4.5 and Figure
4.17).
Research Question 4 looks at size distribution of landslides across the broad
lithology definitions. Over all, the largest LSS are recorded on igneous rocks across
the region, with there being little to distinguish between the other broad classifica-
tions (Figure 4.18). When comparing LSS sizes, the Swiss dataset and the region
are very closely matched in appearance, with LSS occurring on igneous rocks tend-
ing to be larger (represented by the higher mean, Figure 4.18). The French portion
of the database has fewer recorded LSS with known areas, and so this may account
for the high variability seen in this dataset (Figure 4.18).
Research Question 5 is concerned with landslides in the RI which may have
been triggered by earthquakes. Analysis was conducted looking at both the mag-
nitude of the earthquake, and the area of influence that earthquakes of different
magnitudes may exert. The results showed that no landslides were recorded on
the day or within the proceeding year of any earthquake recorded in the USGS
database. This would suggest that no landslides recorded in the RI are initiated by
an earthquake.
While the influence of dip and strike, rock hardness and faulting cannot be
overlooked, these metrics are difficult to quantify at a scale covering the whole of the
European Alps. While they indicate the prevalence of a slope to fail in a particular
way these metrics are independent of a specific trigger. Over time specifically from
the 1970s onwards (over the time period spanning the complete portion of the RI
as discussed in Chapters 2 and 3), dip and strike will not have changed, and so this
is less likely to be of consequence when examining trends in landslides. Of greater
import is rock strength, and the presence of cracks and faults in the rock, both
of which are independent of dip and strike, and can be affected over much shorter
timescales. Due to the nature of the RI, these metrics are not quantifiable, however
south facing slopes are intrinsically linked with higher landslide numbers, and in
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turn to temperature gradients and areas which exhibit pronounced permafrost melt,
and potentially to larger bedding and structural patterns; these are influences which
could exaggerate a degradation in rock strength, however are not quantifiable within
the scope of this thesis.
Chapter 5
COST733 weather types
The content of this chapter was published in Climatic Change, and thus is
largely based on Wood et al. (2016, see Appendix four).
5.1 Introduction
Landslides are a serious geomorphological hazard in many of the worlds mountain
regions (Keiler et al., 2010; Malet et al., 2010). In the European Alps, population and
infrastructure growth provides the impetus for better understanding of the pattern
of landsliding, triggers, and efforts required to reduce landslide risk (discussed in
Section 1.2.1, Figures 1.1 and 1.2). The climate of the region is changing, and this
has been implicated in increased landslide risk (Borgatti & Soldati, 2010; Crozier,
2010; Keiler et al., 2010). While understanding the spatial distribution of past
landslides can help to facilitate better understanding of regional landslide impacts
and triggers, such an analysis can only be obtained through the use of regional-scale
landslide inventories (e.g. Van Den Eeckhaut et al., 2012; Wood et al., 2015).
Landslides are triggered by a number of factors, including earthquakes (Keefer,
2002; Malamud et al., 2004b; Meunier et al., 2008), rainfall (Iverson, 2000; Zeˆzere
et al., 2005; Guzzetti et al., 2007; Keefer & Larsen, 2007; Marques et al., 2008),
temperature change (Dehn & Buma, 1999; Chemenda et al., 2005), glacial recession
and permafrost degradation (Dramis et al., 1995; Stoffel et al., 2014) and anthro-
pogenic factors such as the removal of slope toes at road cuts (Barnard et al., 2001).
For landslides, the hydro-meteorological trigger is often rainfall (Jakob & Weath-
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erly, 2003; Farahmand & AghaKouchak, 2013), and empirical rainfall thresholds are
often used to define minimum triggering conditions for landslides (Peruccacci et al.,
2012); however these are often localized, and depend greatly on the quality of rain-
fall data (Gariano et al., 2015). The use of broader scale atmospheric conditions
can alleviate this problem although, to date, few studies have addressed this issue
(e.g. Nikolopoulos et al., 2014).
5.1.1 Synoptic weather types
Synoptic weather types provide a way in which to classify atmospheric circulation
into a number of discrete types, providing a widely used tool for analysing weather
and climate conditions (El-Kadi & Smithson, 1992; Dayan et al., 2012; Wood et al.,
2016). Synoptic weather types have also been proposed as an effective method of
downscaling Global Climate Model outputs (Conway & Jones, 1998; Santos et al.,
2016). A number of authors have noted that the proportion of weather types can
change over time, with different circulation patterns becoming more (or less) fre-
quent; Paredes et al. (2006) found a decrease in March weather types, in the Iberian
Peninsula, that were major rainfall contributors, matched with 50% decline in accu-
mulated precipitation for the period 1960-97; Boe´ & Terray (2008) found a difference
in the frequency of weather types in France over the 20th Century, producing an
increase in precipitation in northern France, and a decrease in the South. Under
a changing climate, it is probable that the proportion of weather types in regions,
such as the European Alps, has and will change in the future (Saez et al., 2013a).
5.1.2 COST733 synoptic weather types
This chapter assesses the links between synoptic weather types and landslide occur-
rence. The European Cooperation in Science and Technology (COST) Action 733
entitled “Harmonisation and Applications of Weather Type Classifications for Euro-
pean regions” (COST733) provides a classification catalogue for synoptic weather in
Europe (from September 1957 to August 2002, Philipp et al., 2010), using the ERA40
reanalysis dataset provided by the European Centre for Medium-Range Weather
5.2. METHODS 129
Forecasts (Uppala et al., 2005). This catalogue has 5,076 different classifications,
each using one of 17 automated or five subjective methods of classification (Philipp
et al., 2010). The classifications use one of 12 European Domains in Figure 5.1a, in
order to cover different spatial scales and regions; from the whole of Europe (D00)
down to smaller regions such as the European Alps (D06, Philipp et al., 2010). Each
of the 5,076 classifications is divided into nine, 18 or 27 different weather types to
capture the majority of variation in atmospheric circulation patterns across the year.
There are also seasonal classifications which include 28 weather types, with seven
types for each season.
Using the COST733 catalogue alongside the Regional Landslide Inventory (RI)
for the European Alps (Wood et al., 2015), the temporal and spatial distribution of
landslides and historical trends in weather types are analysed. Given that weather
typing has been shown to be an appropriate downscaling tool for climate models
(Conway & Jones, 1998; Santos et al., 2016), this research will help to pave the way
to assessing future landslide hazard in the region through the use of future climate
scenarios. The following research questions are posited:
Research Question 1 Can synoptic weather patterns be used to understand land-
slide frequency and occurrence in a topographically diverse region such as the Euro-
pean Alps?
Research Question 2 Has the frequency of different weather types fluctuated over
time with recorded landslide numbers?
5.2 Methods
5.2.1 Landslide inventory
As discussed in Chapter 2 the RI, used in the analyses presented here, is a collation
of existing inventories from academic, national online datasets, research institutes
and from the insurance industry (Figures 1.1 and 5.1, Wood et al., 2015). There are
a total of 7,919 records in the inventory, of which 5,040 include landslide location
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Figure 5.1: Taken from Wood et al. (2016). COST733 domains a) The COST733 catalogue,
subdivided into 12 domains (D00 to D11), covering a range of regions at different spatial scales,
from the whole of the Europe (D00) down to smaller regions such as the European Alps (D06).
b) The extent of the landslide inventory (green) and COST733 domains, which cover all (D06 and
D07) or a portion (D04, D09 and D10) of the European Alps area included in the RI.
and exact date of occurrence. Landslides in the inventory are classified according to
Varnes (1978) classification system; 31 remain unclassified, 744 are rock falls, slides
and topples, 254 recorded mud/debris flows and 59 complex landslides with the
remaining 3,952 rotational or translational landslides (RTL) and slides (henceforth
LSS , Wood et al., 2015, Section 2.1.1). It is due to the scarcity of data in the other
classes that the analyses in this chapter only use LSS landslides.
Based on magnitude/frequency statistics (Malamud et al., 2004a,b), the post-
1970 portion of the inventory is considered to be most complete (Wood et al., 2015,
see Chapter 3), and so this portion of the inventory (2,966 LSS ) is used for the
analyses in this chapter. Given the incidence of seismic activity in the European
Alps, the inventory was assessed for earthquake-triggered landslides (see Section
4.3.3 and Appendix four, Supplementary Material, Text S1); no landslides were
identified as being triggered by earthquakes.
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5.2.2 COST733 synoptic weather types and landslide occur-
rence
The COST733 dataset was firstly assessed alongside the RI to assess which of the
5,076 classifications were most appropriate for analysis with the RI. Brier Skill
Score (BSS) are a skill score used for the evaluation of binary probabilistic or en-
semble forecasts (Brier, 1950; Schiemann & Frei, 2010), and were calculated for all
classifications (n=5076, including both yearly and seasonal classifications) across all
domains (D00-D11) for LSS occurrence during the period 1970 to 2002. For the top
five ranking COST733 classifications (identified by the BSS), Monte Carlo Permuta-
tion (MCP) tests were used to identify the number of days under each weather type
with significantly (p<0.01, two tailed test) greater than expected landslide numbers
(LsD), and those with significantly lower numbers (LLsD), seasonally. For this,
1000 random permutations were applied, in which random dates during the period
1970 to 2002 were assigned to each LSS (providing a random sample of COST733
weather types for each permutation). In this, the number of LSS occurring under
each weather type were calculated for each permutation, and 99% confidence inter-
vals derived; observed LSS numbers from the inventory for each weather type were
compared with the derived confidence intervals to test the hypothesis that LSS are
more (or less) likely to occur under certain synoptic weather types than would be
expected by chance.
5.2.3 Trends in COST733 weather types and landsliding
through time
To test the hypothesis that the frequency of weather types associated with lands-
liding will have changed seasonally under a changing climate, weather types most
commonly associated with higher than expected LSS numbers (LsD, for each sea-
son) were selected. The frequency of the selected weather types were assessed for the
period 1970-2002 using linear regression in order to analyse changes over time. The
analysis was done only for the best performing classification, on a seasonal basis.
Linear regression was also performed on LSS occurrence for the same period on a
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seasonal basis to detect trends in seasonal LSS frequencies. The frequency of the
selected weather types was also assessed over the duration of the COST733 cata-
logue (September 1957 to August 2002) in order to detect any changes in trend over
this longer time period (results for this are given in Appendix four, Supplementary
Materials, Text S2).
5.3 Results
5.3.1 COST733 synoptic weather types and landslide occur-
rence
To overcome issues surrounding the use of a large dataset, such as the COST733
dataset, which includes many classification methods, BSS were used to assess the
predictive ability of each of the 5,076 different classifications (Table 5.1). 67% of
the top 100 COST733 classifications fell in domains centred over the European Alps
and which include all of the areas covered by the Regional Landslide Inventory (RI)
(D06 and D07), with the remaining 33% falling in domains which included a portion
of the RI (D09, D10 or D00, c.f. Figure 5.1 and Table 5.1). The top 100 COST733
classifications were automated classifications, with 72% using a form of optimization
classification (Philipp et al., 2010, 2014). The subjective Gross-Wetter types, usually
used in Europe, ranked relatively highly whilst other subjective classifications (such
as the Perret, Schu¨epp and Pe´czely) did not perform as well (Table 5.1); although
less than 2% of the COST733 catalogue are subjective.
Overall, the majority of LSS recorded occurred during the spring (March/April/-
May, ∼29%) and summer (June/July/August, ∼36%), with the lowest numbers
recorded during autumn (September/October/November, ∼15%) and winter (De-
cember/January/February, ∼20%, see also Table 5.2). Of the different classification
methods, those which include a seasonal component perform best (76% of the top
100), implying a strong seasonal signal in LSS frequency (Table 5.1). The top five
ranking classifications (based on the BSS) were all seasonal classifications (Table
5.1); therefore the MCP tests were run separately for each season.
5.3. RESULTS 133
MCP tests carried out on the top five classifications highlight that for a number of
synoptic weather types, higher LSS numbers were recorded than would be expected
(if there were no relationship between synoptic weather patterns and landslide fre-
quency). Weather types with anomalously high precipitation across the extent of
the RI were associated with greater than expected numbers of LSS (LsD, Figure
5.2) occurring on a higher percentage of days (Table 5.2), whilst weather types with
anomalously low precipitation were consistent with lower than expected numbers
of LSS (LLsD, Figure 5.2) across all seasons. There is also a noticeable difference
in temperature between LsD and LLsD, with colder temperatures prevailing with
higher LSS numbers (Figure 5.2), and the opposite for low recorded LSS numbers
(Figure 5.3).
The COST733 classification with the greatest skill was located in D06 (centred
over the European Alps, Figure 5.1 and Table 5.1), showing that the application
of BSS were effective. This top classification is seasonal, and includes 28 weather
types; seven types for each season. The classification uses a k-means algorithm, using
dissimilar pressure fields (Philipp et al., 2010). The results of the MCP tests for
this classification are representative across all of the top five ranking classifications
(Table 5.1) and so only this top ranking classification for the period 1970 to 2002
will be considered in the following sections (the results for the period 1957 to 2002
can be found in Appendix four, Supplementary Materials, Text S2).
During the summer, the Azores anticyclone (type #15, Appendix four, Supple-
mentary Material, Figure S2) is the most common weather type (>20% of days), but
associated with comparatively few recorded LSS (with LSS occurring on <9% of
days, Table 5.2). In comparison, the least frequently recorded weather type during
the summer (type #21) had LSS recorded on >20% of days, giving it the high-
est probability of landslide occurrence, with observed LSS numbers exceeding that
which would be expected based on the MCP analysis (Table 5.2). This weather
type follows a Meridional pattern, with an Azores anticyclone and central Europe
low, associated with anomalously high precipitation over the European Alps and
colder than average temperatures (Figure 5.2). A high number of LSS are also
recorded under weather type #16, despite a widespread low precipitation anomaly
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Figure 5.2: Taken from Wood et al. (2016). COST733 weather types (generated from the European
ERA40 reanalysis dataset, Uppala et al., 2005) which are associated with the highest probability
of landslide occurrence (LsD) for each of the four seasons (based on the MCP analysis). (top)
Mean sea level pressure (MSLP, with red areas indicating high pressure and blue, low), (middle)
precipitation anomaly (blue areas indicate a positive anomaly whilst red, negative), (bottom)
temperature anomaly (with red areas indicative of a positive temperature anomaly and blue a
negative anomaly).
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Figure 5.3: Taken from Wood et al. (2016). COST733 weather types (generated from the European
ERA40 reanalysis dataset, Uppala et al., 2005) which are associated with lower landslide frequencies
(LLsD) than would be expected (based on the MCP analysis). (top) Mean sea level pressure
(MSLP, with red areas indicating high pressure and blue, low), (middle) precipitation anomaly
(blue areas indicate a positive anomaly whilst red, negative), (bottom) temperature anomaly (with
red areas indicative of a positive temperature anomaly and blue a negative anomaly).
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Table 5.1: Taken from Wood et al. (2016). The results of the Brier Skill Score (BSS) analysis (1970-
2002). The top classifications are all automated, while the best of the subjective classifications
are highlighted in the shaded rows. Rank is based on BSS result, name is from the COST733
catalogue.
Rank COST733 classification (name) Classification method
Weather
types (n)
BSS
1 CKM28 SE S01 SP.K5 D06 CKMeans 28 0.0294
2 CKM28 SE S01 SP D06 CKMeans 28 0.0285
3 CAP28 SE S01 SP D06
Cluster Analysis of
Principal components
28 0.0282
4 CAP28 SE S01 SP.K5 D06
Cluster Analysis of
Principal components
28 0.0282
5 SAN28 SE S01 SP.Z5.Y5.K5 D06
Simulated ANeilling
clustering
28 0.0281
84 GWT26 YR S01 SP D06 GrossWetter 27 0.0223
280 PERo31 YR S01 SP D00 Perret 27 0.0178
439 SUEo40 YR S01 SP D00 Schu¨epp 27 0.0166
1750 OGWo29 YR S01 SP D00 Objective GrossWetter 27 0.0100
2542 PECo13 YR S01 SP D00 Pe´czely 9 0.0076
over central Europe (Appendix four, Supplementary Material, Figure S1, Table 5.2).
This weather type has high MSLP over the European Alps, combined with higher
temperatures, and low pressure systems over the Mediterranean; often associated
with convective storms and heavy downpours in the region (Rudolph et al., 2011;
Stoffel et al., 2011) potentially causing the high LSS numbers observed. In contrast,
the anticyclone over central Europe (type #18, Figure 5.3), is dominated by dryer
than average conditions and warmer temperatures over the European Alps, and is
associated with low LSS numbers.
In spring there was one weather type associated with higher than expected LSS
numbers. More than 42% of LSS recorded during the spring (n=373) occur under a
westerly pattern (type #10, Figure 5.2), which brings anomalously high precipitation
to the European Alps. In contrast, the Azores anticyclone pattern (type #08)
includes <13% of spring-time LSS , and features low precipitation over the region
and higher than average temperatures (Figure 5.3).
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During the autumn months, around 60% of all LSS are recorded under west-
erly patterns (types #25 and #26). These are associated with anomalously high
precipitation centred over the European Alps, and lower than average temperatures
(Figure 5.2 and Appendix four, Supplementary Material, Figure S1). In contrast to
this, the central Europe blocking high (type #24, Figure 5.3) features anomalously
low precipitation over the European Alps and warmer temperatures, and includes
<3% of landslides recorded during the autumn (Table 5.2).
During the winter, the majority of LSS (>60%, Table 5.2) were recorded under
either winter westerlies (type #05, Figure 5.2) or a central Europe low (type #06,
Appendix four, Supplementary Material, Figure S1); both of which bring anoma-
lously high precipitation to the European Alps and lower than average temperatures.
Around a quarter of LSS recorded in the winter occurred during the winter of 1990,
and coincide with a heavy precipitation event (Isotta et al., 2014, see also Appendix
four, Supplementary Material, Text S3 and Figure S4). Significantly low LSS num-
bers (∼4% of the total) were recorded under a blocking high (type #02, Figure 5.3),
characterised by anomalously low precipitation and higher temperatures; this low
precipitation pattern associated with low recorded LSS numbers is consistent with
other seasons.
For each season there was variation in synoptic weather types associated with
higher than expected frequencies of LSS ; with higher precipitation anomalies being
generally associated with higher LSS numbers. It is possible for LSS that occurred in
the morning, that the previous days weather type would have been more appropriate
to use (the issue of antecedent conditions), however due to the persistence of the
weather types, this should be a minor factor. It is also possible that the persistence of
the weather types themselves are important, such as precipitation over several days,
or anomalously warm temperatures in winter or spring. The analysis of weather
types over multiple days is therefore an avenue for future research.
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Table 5.3: Taken from Wood et al. (2016). Changes in the frequency of weather types, and seasonal
landslide frequency for the period 1970 to 2002. The slope of the regression line is indicative of
the observed trend. Significant changes (p<0.05) are indicated by the blue text.
COST733 trend 1970-2002 Seasonal landslide trend
Weather type (#) Slope p-value LsD/LLsD Slope p-value
1 -0.262 0.013
2 0.007 0.972 LLsD
3 0.247 0.010
Winter 4 0.193 0.078 LLsD 0.835 0.102
5 -0.122 0.156 LsD
6 -0.149 0.118 LsD
7 -0.080 0.406 LLsD
8 -0.155 0.197 LLsD
9 0.222 0.051
10 0.141 0.141 LsD
Spring 11 -0.085 0.379 1.244 0.050
12 -0.258 0.002 LLsD
13 0.205 0.079 LLsD
14 -0.071 0.440 LLsD
15 -0.071 0.406
16 0.213 0.092 LsD
17 -0.022 0.829
Summer 18 0.059 0.583 LLsD 0.640 0.064
19 -0.111 0.215 LLsD
20 -0.095 0.291 LLsD
21 0.027 0.630 LsD
22 -0.183 0.216 LLsD
23 0.012 0.926 LLsD
24 -0.310 0.019 LLsD
Autumn 25 0.193 0.129 LsD 0.071 0.868
26 -0.040 0.657 LsD
27 -0.035 0.682 LLsD
28 -0.123 0.152 LLsD
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Figure 5.4: Taken from Wood et al. (2016). Significant changes in the frequency of weather types
for a) weather types associated with lower than expected recorded landslide numbers (LLsD) and
b) weather types associated with expected numbers of recorded landslides (not LsD or LLsD) for
the period 1970 to 2002.
5.3.2 Trends in COST733 weather types and landsliding
through time
Linear regression was used to detect changes in the frequency of the 28 weather types
from the top ranking classification, through time (Table 5.1). Only four weather
types had either a significant decrease or increase in frequency over this period
(1970 to 2002, Table 5.3 and Figure 5.4). During the spring and autumn months,
an increase in recorded LSS numbers (Appendix four, Supplementary Material,
Figure S5) is reflected in the decrease in the number of LLsD days (Figure 5.4a).
During the spring this specifically occurs with a significant decrease in the number
of days associated with a central European low (type #12, Table 5.3, Figure 5.4a
and Appendix four, Supplementary Material, Figure S3). During the autumn, there
has also been a general increase in the frequency of LSS (although not significantly),
with the majority of weather types associated with LLsD having decreased (Table
5.3). In particular, the central Europe blocking high (type #24) has significantly
decreased in frequency for the period 1970 to 2002 (Figure 5.4a).
During the winter months, winter westerlies are represented by two weather
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types (both associated with an expected number of LSS based on the MCP analy-
sis); type #03, featuring warmer temperatures over the European Alps and negative
precipitation anomaly and type #01, also with warmer temperatures, but with a
high precipitation anomaly over the European Alps (Appendix four, Supplementary
Material, Figure S2). The frequency of type #03 has significantly increased (Fig-
ure 5.4b and Table 5.3) (consistent with the 1957 to 2002 trend, Appendix four,
Supplementary Material, Table S2), while the frequency of type #01 has signifi-
cantly decreased. During the winter months there has been an overall increase in
the number of recorded LSS between 1970 and 2002 (Appendix four, Supplemen-
tary Material, Figure S5) whilst weather types (#05 and #06) associated with high
LSS numbers, have been decreasing in frequency and types associated with low LSS
numbers have been increasing (types #02 and #04, Table 5.3). This disjuncture
between observation (of LSS ) and inference (of more or less landslides) based on
trends in weather patterns, highlights the importance of additional factors that pre-
dispose a slope to landsliding, such as antecedent weather conditions, local geology
and topography. Considering weather patterns on the day of failure is instructive
but limited in its predictive ability without consideration of these additional factors.
5.4 Summary
A relationship between synoptic weather types and the incidence of landslides has
been shown for LSS recorded in the Regional Landslide Inventory (RI). A number
of synoptic weather types have been shown to be related to a higher than expected
number of LSS occurring in the region. Synoptic weather types with patterns of
high precipitation across the European Alps are consistent with higher numbers of
recorded LSS across all seasons, demonstrating that synoptic weather types can
be effectively used as predictors of landslide occurrence. Precipitation patterns are
hard to predict at the small-scale, particularly when considering predictions under
a changing climate. Precipitation, particularly extreme events, is less well con-
strained in climate models than temperature (e.g. Beniston et al., 2007; Kjellstro¨m
et al., 2011; Gobiet et al., 2014) and the use of synoptic weather types presents an
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alternative approach to these challenges posed as well as the potential for weather
typing being used as a predictive tool for landslide occurrence under differing future
climate scenarios.
Over the duration of the COST733 catalogue, the number of days associated with
different weather types has fluctuated over time and this has the potential to change
in the future with the changing climate (Saez et al., 2013a). Based on the analyses
presented here, LSS have been shown to occur under all synoptic weather types, but
are more likely under some weather types; with westerly patterns resulting in higher
LSS frequencies from autumn to spring, and a Meridional pattern, with an Azores
anticyclone and central Europe low during the summer months. Furthermore, it
is clear that other factors (such as rainfall persistence; geology and topography,
highlighted in Chapter 4) play an important role in landslide occurrence. While
recent trends in summer LSS are well matched with trends in synoptic weather types
associated with higher landslide numbers, there is a mismatch for winter weather
types and winter LSS ; this could be due to snow cover acting as a stabilising factor,
or due to topographic of geologic effects; these are all factors which require further
interrogation.
Chapter 6
Large landslides and climate
variability
6.1 Introduction
Alongside other factors such as changes in landuse and infrastructure, recent warm-
ing in the European Alps has resulted in an increase in geomorphological hazards
(Theurillat & Guisan, 2001; Fuchs & Bru¨ndl, 2005; Keiler et al., 2010). Permafrost
melt in mountains, and changes in freezethaw regimes are implicated in rockwall
instability and landslide generation (e.g. Abele, 1997; Haeberli & Beniston, 1998;
Chigira, 2002; Gruber et al., 2004b; Scha¨r et al., 2004; Chemenda et al., 2005; Harris
et al., 2009). Increasingly, landslide research is focused on the role of temperature
and precipitation change (Buma & Dehn, 1998; Collison et al., 2000; Iverson, 2000;
Chigira, 2002; Marques et al., 2008), climate and weather variability, seasonality and
storminess (Szabo´, 2003; Guthrie et al., 2010) and the effects of climate extremes.
Despite this literature discussing these factors at a small (site) scale, these stud-
ies cannot be used for regional hazard assessments given the lack of regional-scale
approaches (Wood et al., 2015). Therefore, to assess which areas are affected by
increased landslide risk, it is important to understand the long term pattern and
spatial distribution of landslides, their nature, trigger mechanisms and ultimately
to assess regional climate projections (e.g Dai et al., 2002; Glade, 2001; Wood et al.,
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2015; Gariano & Guzzetti, 2016).
The European Alps has one of the longest observational timeseries of climate
metrics in the world, and a comparatively high density network of monitoring sta-
tions (Barry, 1994; Frei & Scha¨r, 1998; Bo¨hm et al., 2001; Auer et al., 2007). It is
due to factors such as the high population density, susceptibility to climate-related
natural hazards, the importance of water resources and the economic importance of
tourism to the region, that studies have been concerned with both past and future
changes in the climate of the region, and the implications of the far reaching im-
pacts of these (Gobiet et al., 2014, see also Section 1.2.1). The European Alps act
as a barrier between, and are affected by the Mediterranean, Atlantic and continen-
tal climate systems (Beniston, 2005). The highly diverse topography of the region
(elevation, aspect, slope, etc., discussed in Chapter 4) controls spatial variation in
temperature and precipitation through orographic barriers (Basist et al., 1994; Frei
& Scha¨r, 1998; Beniston, 2005; Masson & Frei, 2014)
Warming has been pronounced in the European Alps since the end of the LIA,
rising by ∼2◦C (Scha¨r et al., 2004; Beniston, 2005; Casty et al., 2005; Auer et al.,
2007; Gobiet et al., 2014). Along side this rise, interannual temperature variability
has increased towards the latter part of the 20th Century and into the 21st (Benis-
ton, 2005). It has been suggested that this increased variability could superimpose
onto the recent increases in temperature, resulting in anomalously warm years; ex-
amples of this include 1994, 2000, 2002, 2003 and 2015 which were the warmest since
1500 (Scha¨r et al., 2004; Casty et al., 2005; Bu¨ntgen et al., 2006; Cremonese et al.,
2016). The increase in temperature over the 20th Century has resulted in extensive
glacial recession and melt across the European Alps (Gruber et al., 2004a; Gruber
& Haeberli, 2007; Haeberli et al., 2007; Salzmann et al., 2007), with the decrease
in glacial mass balance since the LIA being attributed to changes in precipitation
and temperature; with feedback mechanisms reinforcing, and speeding up recession
(Haeberli et al., 2007).
Both seasonal and mean annual precipitation patterns have changed over the
20th Century; the years 1540, 1921 and 2003 representing the driest in the context
of the last 500 years (Casty et al., 2005). This has been spatially variable, with
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some areas, such as the north western areas of the European Alps, seeing a rise
in precipitation over the latter part of the 20th century, while areas to the south-
east have experienced significant drying (Brunetti et al., 2006, 2009). Precipitation
across the European Alps has been shown to correlate with fluctuations in large-scale
atmospheric phenomena, such as the North Atlantic Oscillation (NAO) (Beniston,
2005; Folland et al., 2009), although this signal weakens towards the latter part of
the 20th Century (Schmidli et al., 2002; Casty et al., 2005; Bartolini et al., 2009).
Aside from the decadal cycles in precipitation, the European Alps are frequently
aﬄicted by heavy precipitation events, principally due to orographic mechanisms
(Schmidli & Frei, 2005; Gobiet et al., 2014).
Modelled future climate scenarios suggest changes in the pattern of both pre-
cipitation and temperature across the 21st Century, intensifying in the latter part
of the century (Smiatek et al., 2009; Gobiet et al., 2014). While there is a degree
of uncertainty in the amplitude of this warming (with future scenarios varying by
∼ 3◦C), the signal is robust (Mitchell et al., 2004; Smiatek et al., 2009; Gobiet
et al., 2014). This warming signal is expected to be most pronounced during the
summer months (Gobiet et al., 2014). There is a high level of uncertainty with
regard to future precipitation, with different models and scenarios diverging in both
the pattern, amplitude and direction of change across the region (Schmidli et al.,
2007). Despite this, many scenarios suggest an increase in winter precipitation and
a decrease during the summer months, with this pattern intensifying throughout
the 21st Century (Gobiet et al., 2014; Giorgi et al., 2016). The overall predicted de-
crease in summer precipitation will likely result in intensification of summer storms
under a warmer climate (Christensen & Christensen, 2004; Frei et al., 2006; Gobiet
et al., 2014; Giorgi et al., 2016).
6.1.1 Landslides and climate
A wealth of studies and review articles exist looking at the effects of climatic change
on the incidence of landsliding in mountain environments (Dapples et al., 2002, 2003;
Keiler et al., 2010; Saez et al., 2013a; Gariano & Guzzetti, 2016). The role of precip-
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itation in landslide initiation is well established, and is controlled through increased
groundwater content, resulting in fluctuations in pore-water pressures (pwp). The
overtopping of critical pwp thresholds (depending on the material concerned) is
the point at which a landslide is triggered (Dehn et al., 2000; Dai & Lee, 2001;
Saez et al., 2013a). Increased rainfall has been linked with an increased frequency
and magnitude of landsliding (Corominas & Moya, 1999; Dai et al., 2002), and
over short time-scales (hours to weeks), weather patterns have been shown to affect
the incidence of landsliding (Lollino et al., 2006; Petley, 2012; Wood et al., 2016).
Precipitation over longer timescales, from weeks to decades, provides the establish-
ment of steady groundwater pressures, which in and of themselves do not trigger
landslides, but influence slope propensity to failures (Iverson, 2000). The effects of
precipitation over different lithologies and topographies were discussed in Chapter
4. Increases in temperature over the latter part of the 20th century have been as-
sociated with widespread permafrost degradation and glacial recession in mountain
environments, leading to the debutressing and destabilisation of slopes through the
resulting relaxation of internal stresses (Dramis et al., 1995; Haeberli & Ho¨lzle, 1995;
Haeberli & Beniston, 1998; Gruber et al., 2004a; Cossart et al., 2008; Harris et al.,
2009). Landslide triggers are often complex as antecedent conditions can manifest as
lags existing between the climate or weather trigger and the landslide event (Lollino
et al., 2006).
The previous chapter (5) highlighted a strong seasonal signal in the relationship
between weather triggers and landsliding over short timescales (Saez et al., 2013a;
Wood et al., 2016). Long term changes in the climate, on timescales of up to
hundreds of years, can also affect seasonal weather patterns (Paredes et al., 2006;
Boe´ & Terray, 2008; Lopez-Saez et al., 2010) and researchers have found clusters
of landslides occurring during periods of significant climatic changes (Patzelt, 1987;
Raetzo-Bru¨lhart, 1997; Dapples et al., 2003; Soldati et al., 2004; Holm et al., 2004;
Prager et al., 2007). For instance, following the Last Glacial Maximum (LGM) in
the Italian Dolomites, clusters of landslides occurred; partly in response to large-
scale glacial recession, or to increased groundwater levels caused by permafrost melt
and increased precipitation at the time (Soldati et al., 2004, Figure 6.1). Soldati
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et al. (2004) also found that these two causes of landslide clusters had an effect
on the type of landslide; with rockfalls being more associated with glacial retreat,
and complex movements such as rotational and translational slides resulting from
the increase in groundwater levels. Thus, the better that landslide type and timing
are known, the greater the correlation between landslide occurrence and the climate
trigger may appear; although climate is never the only cause (Flageollet et al., 1999).
Mechanisms behind historic landslide clusters principally include changes in tem-
perature, precipitation distribution and intensity, and associated deglaciation and
permafrost melt (Patzelt, 1987; Soldati et al., 2004; Prager et al., 2007). Tem-
perature fluctuations affect mechanical weathering and permafrost degradation in
mountain environments (Matsuoka et al., 1998; Gruber et al., 2004a; Frayssines &
Hantz, 2006). This mechanical weathering and permafrost degradation has been
linked with an increased frequency of landsliding (e.g. Gruber et al., 2004a) but also
causes permafrost melt to occur at different depths, thus exaggerating the depth of
weathering and the potential failure volume (Mazzoccola & Hudson, 1996). Varia-
tion in precipitation over different time scales has also been linked with the incidence
of landsliding, with antecedent conditions ranging from days to decades, playing an
important role (e.g. Iverson, 2000; Peruccacci et al., 2012). It is therefore possible
that trends and variability of temperature and precipitation may be as (or more) im-
portant than absolute values. Despite the recent warming recorded towards the end
of the 20th Century and into the 21st, the anticipated pattern of increased landslide
frequency (e.g. Keiler et al., 2010) remains largely undetected in the observational
record (Stoffel & Huggel, 2012; Huggel et al., 2012).
6.1.2 HISTALP dataset
The Historical Instrumental Climatological Surface Time Series of the Greater Alpine
Region (HISTALP) dataset has been selected for use with the Regional Landslide
Inventory (RI) in order to investigate links between landsliding in the European
Alps and changes in the climate. The HISTALP dataset has been used in a number
of studies which consider links between changes in the climate and landslide fre-
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Figure 6.1: From (Soldati et al., 2004, page 157) highlighting the temporal distribution of landslide
activity since the Late glacial in different parts of Europe and comparison with paleoclimate trends.
Several landslide clusters are recorded which coincide with changes in the climate.
quencies. This database has been used to extend and validate instrumental records
in reactivation studies (e.g. Saez et al., 2012; Lopez Saez et al., 2012; Saez et al.,
2013a,b; Romeo et al., 2016), while other studies consider the HISTALP database
in the context of changes in the climate as part of a discussion on how landslide fre-
quency has changed through time (e.g Keiler et al., 2012; Fuchs et al., 2013; Keiler
6.1. INTRODUCTION 149
& Fuchs, 2016b; Hagen & Andrecs, 2016) or adding context to landslides recorded
in a single triggering event (Zieher et al., 2016).
The HISTALP dataset is a historical instrumental timeseries for temperature
and precipitation covering the Greater Alpine Region (GAR); an area stretching
from 4◦ to 19◦ East and 43◦ to 49◦ North (Figure 6.2a). The HISTALP database
deals exclusively with monthly data as many records of daily data have been lost
are irretrievable (Auer et al., 2007). It therefore comprises monthly homogenised
records of temperature, air pressure, precipitation, sunshine and cloudiness in a con-
tinuous time series, beginning in the mid-18th century, from 242 recording stations
across the GAR (Auer et al., 2007). A total of 131 series comprise the record of
temperature across the GAR for the period 1780-2008, while for precipitation, 192
series encompass the 209 years for the period 1801-2010. The mean distance for
stations recording temperature was ∼70km throughout the 20th century, while a
distance of ∼60km was maintained for precipitation (Figure 6.2b).
The homogenisation process involved the removal of outliers and errors, the
detection of breaks and finally a process of gap-filling using highly correlated nearby
sites (Auer et al., 2007). The decommissioning of stations and changes in location
were addressed by correlating records with the nearest replacement stations (Auer
et al., 2007). The purpose of this homogenisation was to eliminate issues with
insufficient spatial coverage and resolution. The main challenge associated with
data acquisition for such a large area, as for with the RI, include the political and
administrative spread of the datasets, which have changed over the duration of the
datasets, and differences in language and the change in these over time (e.g. Auer
et al., 2007; Wood et al., 2015). The benefits of using such a dataset are that the
effects of heterogeneities such as changes in location, site surroundings, instruments,
time of observation, observers and other factors have been reduced, and the datasets
have been rigorously checked (Auer et al., 2007).
The HISTALP Grid-mode-2 series provides absolute values of temperature and
precipitation, in Network Common Data Form (NetCDF) format, on a regular 5min
by 5min degree grid for the GAR (Auer et al., 2007; Hiebl et al., 2009; Chimani
et al., 2011). Precipitation data for the grid were computed from a combination of
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the HISTALP homogenised dataset (from 1801) and the shorter (1971-1990), higher
resolution ETHZ-precipitation climatology (Schwarb, 2000; Schwarb et al., 2001;
Efthymiadis et al., 2006). The temperature series covers the period 1780 to 2008,
and precipitation, 1801 to 2010.
6.1.3 Precipitation and temperature change
In order to understand possible links between the climate of the European Alps and
changes in landslide frequency over time, it is firstly important to look at recorded
changes in the spatial and temporal pattern of both temperature and precipitation.
The Regional Landslide Inventory (RI) used in this study is centred over the Euro-
pean Alps (see Figure 2.4), and is complete for the period 1970 to 2010 (see Chapters
2 and 3 for details). Research has shown that the European Alps are warming at a
higher rate than other areas within Europe, however this trend is spatially variable
(e.g Gobiet et al., 2014). It is therefore important to consider change over space
and time, consistent with the extent and temporal record of the RI. Research
Questions 1 and 2 address this knowledge gap:
Research Question 1 What are the temporal pattern of trends and variability for
precipitation and temperature across the European Alps for the post-1970 period
compared with the earlier part of the 20th century?
Research Question 2 Do large landslides (>30m2, as defined in Chapter 3) oc-
cur more frequently in areas where temperature and precipitation trends are more
pronounced, or where there is greater variability?
6.1.4 Topography, climate and landslides
Topography and geology have been shown to affect landslide distributions (see Chap-
ter 4 for discussion), and so are necessary factors to consider. Geology and lithology
directly influence sediment availability, and the susceptibility of the rock to different
types of weathering (Mazzoccola & Hudson, 1996; Guzzetti et al., 1996; Fitzsimons
& Veit, 2001). In addition to this, the spatial distribution of temperature and precip-
itation in mountain environments is, in part, determined by elevation, topography
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(a) Distribution of HISTALP station network. Stations are separated into regions with common
climate variation (CRSM); region centres are denoted with a square symbol, while individual sta-
tions are shown as points. Figure taken from http://www.zamg.ac.at/histalp/project/maps/
station_map.php.
(b) Showing the temporal development of the HISTALP dataset. Thin lines represent the original
data, while bold lines highlight the gap-filled and homogenised dataset. Figure taken from Auer et
al. (2007, p.21).
Figure 6.2: Distribution and development of the HISTALP station network.
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and geographic features at that location (for example distance to the Mediterranean
Sea; Basist et al., 1994; Frei & Scha¨r, 1998; Weisse & Bois, 2001; Borga et al., 2002;
Beniston, 2005; Masson & Frei, 2014). Much of the variation in precipitation can be
attributed to slope and shielding, rather than the effects of elevation (Frei & Scha¨r,
1998), and the effects of aspect and elevation on temperature are well established,
affecting permafrost degradation over the 20th century (e.g. Haeberli & Beniston,
1998; Gruber et al., 2004b). Whilst topography and geology have been established
as having important effects on landsliding in the European Alps (see Chapter 4), it
is also important to assess which climate metrics, and over what timescales these
affect landsliding, independent of other controls. Thus Research Question 3 is
posited:
Research Question 3 What climatic variables might affect the size and frequency
of landslides in the European Alps?
It is clear that a complex series of interactions exist between the topography and
geology of the location (Chapter 4), weather events (Chapter 5), climatic trigger
mechanisms and lags between triggers and landslide occurrence. The following re-
search question aims to integrate combinations of geology, topography and climate
triggers in order to understand how these interact with each other to affect landslide
size and occurrence:
Research Question 4 Is landslide size affected by geology, topography and trends
and variability in precipitation and temperature, and if so, over which time scales
and to what extent?
6.2 Methods
The HISTALP Grid-mode-2 series provides absolute values of temperature and pre-
cipitation, in NetCDF format, on a regular 5min by 5min degree grid for the Greater
Alpine Region (GAR; covering an area of 4◦ to 19◦ East and 43◦ to 49◦ North, Auer
et al., 2007, see Section 6.1.2). The temperature series covers the period 1780 to
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2008, and precipitation, 1801 to 2010. The analysis in Chapter 2 showed that the
RI was complete from 1970 onwards, and so this portion of the RI was used in the
following analyses.
6.2.1 Climate of the European Alps: pixel by pixel trends
and variability in temperature and precipitation
Linear trends in temperature and precipitation
Research Question 1 seeks to determine whether there is a difference in the
temporal pattern of temperature and precipitation between the early 20th century,
and post-1970 across the European Alps. In order to answer this, temperature
time series data were obtained from the HISTALP Grid-mode-2 series. Each pixel
was taken in turn across the extent of the GAR, and data extracted for two time
periods in R; 1900-1970 and 1970-2008. As overall trend is being considered in this
section, linear models lm() (R Core Team, 2015) were applied to the temperature
time series for each pixel (after Luterbacher et al., 2004). The regression coefficient
from each linear model for the period 1900-1970 (and 1970-2008) was then put into
the corresponding pixel of a new raster representing the temperature trend across
the GAR for the period 1900-1970 (or 1970-2008, see Appendix three, Script 7). The
same linear models lm() were also created for precipitation for the pre- (1900-1970)
and post-1970 (1970-2010, as the precipitation time series extends beyond that of
temperature) periods.
The Nomenclature of Terrestrial Units for Statistics (NUTS2010) regions (see dis-
cussion in Section 4.2.1 and Figure 4.7) were used to clip the new temperature (and
precipitation) rasters down to an extent covering the European Alps. Histograms
were computed for the newly created pre- and post-1970 temperature (and precipita-
tion) rasters to visually compare the distributions. Kolmogorov-Smirnov (KS) tests
are nonparametric statistical tests used for calculating the difference D between two
distributions (Massey Jr, 1951; Conover, 1971). Linear regression coefficients for
temperature (and precipitation) were extracted from both the pre- and post-1970
rasters in R. KS tests were then used to test for significant differences between the
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pre- and post-1970 distributions of temperature (and precipitation).
Interannual variability in temperature and precipitation
Interannual temperature variability has been shown to have increased simultaneously
with rising temperatures in the European Alps during the latter part of the 20th
Century (Beniston, 2005). Temperature variations exacerbate freeze-thaw cycles and
have been implicated in the destabilisation of oversteepened slopes in environments
such as the European Alps (Dramis et al., 1995; Haeberli & Ho¨lzle, 1995; Haeberli
& Beniston, 1998; Gruber et al., 2004a; Cossart et al., 2008; Harris et al., 2009).
Studies have also suggested that variability in precipitation is important for landslide
triggering (e.g. Trauth et al., 2000; Paolini et al., 2005; Trigo et al., 2005; Petley
et al., 2007), particularly in a topographically diverse region such as the European
Alps where orographic precipitation can vary considerably over short differences
(Basist et al., 1994; Frei & Scha¨r, 1998; Beniston, 2005; Masson & Frei, 2014, e.g.).
Given these relationships between temperature and precipitation variability and
landsliding, Research Question 1 additionally seeks to determine whether the
variability in temperature and precipitation have changed over the 20th Century.
For interannual temperature variability, mean annual air temperature (MAAT)
was calculated for the pre-1970 period (1900-1970) on a pixel-by-pixel basis across
the extent of the GAR. These data were then detrended in R through the application
of linear models lm() (R Core Team, 2015), with data being subtracted from the
linear fit. 95% quantiles were then derived, the difference between the upper (2.5%)
and lower (2.5%) quantiles were calculated, and input into a new raster for the
GAR (Appendix three, Script 7). This was also carried out for the post-1970 period
(1970-2008). These newly created rasters were then clipped to cover the extent
of the European Alps (again using the NUTS2010 regions), and histograms of the
new rasters were computed. KS tests were used to compare the pre- and post-1970
distributions to ascertain whether they were significantly different.
For precipitation, interannual variability was derived from yearly precipitation
totals which were calculated on a pixel-by-pixel basis across the GAR for the pre-
and post-1970 periods (1900-1970 and 1970-2010 respectively) and detrended in R
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through the application of linear models lm() (R Core Team, 2015); data were then
subtracted from the linear fit. 95% quantiles were then computed for the detrended
data, with the difference between the upper (2.5%) and lower (2.5%) quantiles being
used to describe interannual precipitation variability across the GAR. The data for
each time period was then input into one of two new rasters (see Appendix three,
Script 7).
The newly created rasters (for pre- and post-1970) were then clipped to cover
the European Alps (again using the NUTS2010 regions), and histograms of the new
rasters were computed. KS tests were used to compare the pre- and post-1970
distributions to ascertain whether there was a significant difference between the
earlier part of the 20th Century compared with the post-1970 period.
Seasonal variability in temperature and precipitation
While interannual variability provides information about how much change there
is from year-to-year, seasonal variability provides an insight into how much change
occurs across the year. Analyses in Chapter 5 (Wood et al., 2016) highlighted a
strong seasonal influence on landslide occurrence, and so it is important to account
for this in these subsequent analyses.
Monthly means were calculated on a pixel-by-pixel basis across the GAR, for
both temperature (1900-1970 and 1970-2008) and precipitation (1900-1970 and 1970-
2010). The range, providing the full extent of variability for these periods, was then
calculated for each pixel (for both time periods and for temperature and precipi-
tation), with values being imported into new rasters representing the extent of the
GAR (Script 7). These new rasters were again clipped using the NUTS2010 bound-
aries to cover the extent of the European Alps. Histograms were subsequently
computed, and KS tests were again used to see if the two time periods differed
significantly (for both temperature and precipitation).
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6.2.2 Landslide frequency and climate
Research Question 2 follows directly from Research Question 1, and uses the
rasters created in the previous methods (Section 6.2.1). Research Question 2 seeks to
identify whether areas which have experienced greater variability, or greater change
in precipitation and temperature, are more prone to landsliding. In order to inves-
tigate this, a combined analysis of rotational and translational landslides and slide
classes (LSS ) were selected from the RI, and the location of each data point was
converted into a spatial points dataframe in R. Points were then used to extract
data from the rasters created in Section 6.2.1 (precipitation and temperature trend,
interannual and seasonal variability), for each pixel in which a LSS was recorded.
While the resolution of the HISTALP dataset used in this analysis is much coarser
than that at which the landslides are recorded, the HISTALP grid cells include
multiple landslide events, and the distribution of landslides across these cells is of
primary concern in this instance to see if they are more frequently recorded under
certain climatic conditions. Values for temperature and precipitation trend, inter-
annual and seasonal variability were then appended into the RI, and histograms
computed for the extracted data. These distributions for LSS in the RI were then
compared with post-1970 data for the European Alps (as defined by the NUTS2010)
to assess whether the distributions differed significantly and whether LSS were more
frequently recorded where the temperature/precipitation trend/variability has been
increasing/decreasing.
6.2.3 Climatic landslide triggers
While the relationship between landsliding, geologic setting and topography cannot
be discounted (e.g. Guzzetti et al., 2002; Guimaraes et al., 2003; Larsen et al., 2010),
landslide frequency and size may be more affected by changes in temperature and
precipitation (Pennington & Harrison, 2013; Saez et al., 2013a). Research Ques-
tion 3 aims to investigate this by assessing relationships between landsliding and
climate metrics over different spatial and temporal scales, exclusive of topographic
or geologic metrics.
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Landslide frequency and regional climate
This first analysis assesses the relationship between LSS frequency over time and
regional temperature and precipitation across the whole of the European Alps. This
was carried out both annually and seasonally, as the results from Chapter 5 indicated
seasonality as being an important influence on landslides. The reasoning behind this
is that (with earthquake triggers being ruled out as landslide triggers in the region,
Section 4.3.3) changes in temperature and precipitation remain the only transient
triggers, as topographic and geologic conditions remain stable up until the point of
landslide failure. Therefore when considered across the whole region, differences in
geology type and local topographic factors are averaged out.
LSS frequencies were firstly calculated across the whole region at annual res-
olution between 1970-2008 (as this is restricted by the length of the temperature
dataset). Frequencies were calculated across the whole year, and then for each sea-
son in each year (winter, DJF; spring, MAM; summer JJA; and autumn, SON).
Linear models lm() (R Core Team, 2015) were then used in R to detrend each of
the frequency data (as per previous analyses). The output for detrended annual and
seasonal landslide frequencies was added into a new series of tables (see Table 6.1
for example).
Regional annual means of precipitation were calculated from the HISTALP Grid-
mode-2 dataset for the European Alps (as defined by the NUTS2010 regions, Figure
4.7), for the period 1970-2008. These annual regional means were then detrended
using linear models lm() in R (R Core Team, 2015), and appended into the afore-
mentioned tables which included LSS frequencies (see Table 6.1 for example). The
same methods were used for annual temperature data. Seasonal means were also
calculated for temperature and precipitation (by year) for the European Alps, and
appended into the seasonal tables (see Table 6.1 for example). Data were detrended
to remove overall trends which may influence the following regression analysis. The
relationship between LSS frequency, mean regional precipitation and MAAT was
investigated using a series of Linear Model (LM)s. The predict function in R (R
Core Team, 2015) was used to assess the fit of each LM for the period 1970-2008,
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for both annual and seasonal datasets.
Table 6.1: Example output for the regional seasonal detrended landslide counts, precipitation and
temperature data. This shows part of the output for spring.
Year LSS det. Precip. det. Temp. det.
1970 -1.293589744 5.098175216 -1.268208761
1971 -1.36585695 -0.746973904 0.593736415
1972 -2.438124157 -1.818789693 0.88968159
...
2007 -3.967476383 -4.522342329 1.261096064
2008 -2.03974359 0.569175212 -0.72495876
A subsequent analysis included the frequency of COST733 weather types associ-
ated with high LSS numbers (from the results presented in Chapter 5 Wood et al.,
2016) for the period 1970-2002 (as the period covered by the COST733 dataset
ends in 2002). Counts of weather types, associated with high landslide frequencies
(spring, type #10; summer, types #21 and #16; autumn, types #25 and #26;
winter, types #5 and #6) in each season, were calculated. These data were then
detrended using linear models lm() in R (R Core Team, 2015). The existing seasonal
tables (e.g. Table 6.1) were cropped to cover the period 1970-2002, and these new
data were included in a new series of LM runs.
Landslide frequency and climate lags
The previous analyses do not explicitly consider lags between landslide occurrence
and the respective climate forcings, which this section seeks to redress. In order to
identify such lags, cross correlation analysis was carried out on monthly data in R
using the ccf() function (Venables & Ripley, 2013).
Monthly LSS frequencies were calculated from the RI. Regional monthly tem-
perature and precipitation values were calculated for the European Alps from the
HISTALP Grid-mode-2 dataset (based on the NUTS2010 regional shapefile). Both
precipitation and LSS frequency data were detrended linearly across the time series,
while temperature data was detrended by month in order to remove seasonal varia-
tion. The cross correlation function ccf() was applied to the regional monthly LSS
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data and regional monthly precipitation (or regional monthly temperature) data in
R to test for lags between precipitation (or temperature) and LSS occurrence at
monthly resolution. Due to the nature of the ccf() function in R, this analysis looks
for lags in the climatic trigger in the 24 months prior to landslide occurrence.
This was additionally carried out on seasonal data. Each season was taken in
turn, and LSS counts outside of that season were assigned Not Available/Appli-
cable (NA) values. The ccf() function was then applied to seasonal LSS counts
and regional monthly precipitation (or temperature) data (in turn) to test for lags
between LSS and trigger.
Landslide size and climatic triggers: lagged effects
The previous section used landslide frequency across the European Alps and regional
monthly averages of temperature and precipitation to investigate whether lags exist
between landslide occurrence and the trigger. This section investigates the influence
of climate triggers (trend and variability over specified time periods) on landslide
size. Relationships derived here use the corresponding temperature or precipitation
cell from the HISTALP Grid-mode-2 dataset, as opposed to the European Alps
regional averages used previously.
The relationship between landslide frequency and size is well established in the
literature (e.g. Stark & Hovius, 2001; Malamud et al., 2004a; Wood et al., 2015, see
Chapter 3 for discussion). Climate triggers, specifically precipitation and temper-
ature, have been shown to influence the timing of landslides (e.g. Van Asch et al.,
1996; Crozier, 1999; Guzzetti et al., 2007). As the size of landslides conform to
the well-established power-law relationship, it follows that, aside from geology and
lithology, climate triggers are intrinsically linked to both the timing and size of
landslides.
This section will investigate these possible interactions, and the timescales over
which they occur, in order to assess the effects of climate variability on landslide
size (and initiation).
The influence of both temperature and precipitation (trends and variability)
on landslide size were considered over 30-, 10-, five- and one-year periods prior
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to landslide occurrence. As the previous analysis considered lags for a 24 month
period, one-year was taken to represent an intermediate time period. A minimum
of 30-years is often used to define climate, and so was taken as the longest time
period considered; the influence of climate metrics over these longer timescales will
not necessarily trigger a landslide, but may possibly exacerbate and contribute to
predisposing conditions (e.g. Iverson, 2000). The 10- and five-year periods represent
intermediate lags.
As per the first two sections (6.2.1 and 6.2.2) the effects of both temperature
and precipitation (trends, interannual and seasonal variability) on landslide size
were investigated; for the purpose of looking at lags, these were calculated over 30-,
10-, five- and one-year time periods, prior to landslide occurrence. For each LSS
in the RI, monthly precipitation (and temperature) data were extracted from the
corresponding pixel in the HISTALP Grid-mode-2 dataset for the 30-, 10-, five- and
one-year prior to the landslide occurrence. Linear models lm() (R Core Team, 2015)
were then applied, and the exponents appended into the RI for each time period.
Interannual variability was then calculated for precipitation and temperature.
For each LSS in the RI, the corresponding pixel in the HISTALP Grid-mode-2
dataset was located in space and time. Yearly precipitation totals were firstly cal-
culated for each full year prior to landslide initiation for 30-, 10- and five-year time
periods; if the landslide occurred in March, data from February to February for
preceding years were included in the annual totals. These annual data were then
detrended with the application of linear models in R (as described in Section 6.2.1).
95% quantiles were calculated for the detrended data, and the difference between
upper and lower quantiles was input into new columns in the RI. For temperature,
MAAT was calculated for the specified time periods (30-, 10-, or five-years) prior
to landslide initiation for each LSS , using the HISTALP Grid-mode-2 dataset. 95%
quantiles were derived and appended to the RI.
Finally, seasonal variability was calculated for each LSS by again locating the
corresponding pixel in the HISTALP Grid-mode-2 dataset, and the timing of the
LSS . Data were then extracted for the respective time periods (30-, 10-, five- or one
year) prior to LSS occurrence, and monthly precipitation means were calculated in
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turn across the duration of the dataset (for the specified time periods). The range
of these monthly means was then used to describe variability across the seasons,
and the value was appended to the RI. This was also carried out for the HISTALP
temperature data.
Generalised Linear Models (GLM) are used to model the relationship between a
response variable (in this case LSS size) from a set of explanatory variables (in this
case the aftore mentioned climate metrics; after Atkinson et al., 1998). A number
of GLM runs were carried out on the various climate metrics in order to understand
the effect on landslide size. A model selection process was carried out to identify
variables which were most likely to contribute towards the model, prior to testing
terms for significance. A series of GLMs were created iteratively, adding variable
groups for precipitation and then temperature (starting with linear trend calculated
over the different time periods, followed by seasonal range and then interannual
variability). At each turn, all possible combinations of climatic variables within
the group were considered using the dredge function, which performs automated
model selection with subsets of variables supplied in the GLM; this was carried out
using the MuMIN package in R (Barton, 2012). The relative quality (parsimony)
of alternative models was tested using the corrected Akaike Information Criterion
(AICc, Burnham & Anderson, 2003). Terms were retained in the model to the next
iteration if they were included in the majority of the most parsimonious models;
defined here as those with an AICc value within two units of the best model (see
Appendix two, Tables 3, 4, 5, 6 and 7 for examples).
6.2.4 Landslide size, geology, topography and climate
The previous analysis (Section 6.2.3, under the heading Landslide size and climatic
triggers) investigated the relationship between LSS size and temperature and pre-
cipitation triggers over different time periods. In addition to these, topographic
and geologic metrics (as discussed in Chapter 4) are also important for landslide
occurrence, for the distribution of temperature gradients and precipitation across
the European Alps due to orographic features. It is therefore important that these
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are controlled for when looking for relationships between landslide size and climatic
influences.
In this subsequent analysis, a series of GLM runs were carried out in R, with
geology and topography being controlled for. In these model runs, elevation, slope,
aspect (partitioned into north-, south-, east- and west-facing slopes) and geology
(separated into broad geologic groups of igneous, metamorphic and sedimentary
rock types, and superficial sediments which result from glacial, periglacial and slope
processes) were set as fixed in the GLMs (this was done in R, using the dredge
function in the MuMIn package; Barton, 2012).
The climate datasets described in the previous section (6.2.3, under Landslide size
and climatic triggers) were included in this analysis; precipitation and temperature
trend over 30-, 10-, five- and one-year time periods prior to landslide initiation,
interannual precipitation and temperature variability for 30-, 10- and five-years prior
to a landslide initiation, and seasonal precipitation and temperature variability in
the 30-, 10-, five- and one-year time periods prior to landslide initiation. Due to the
large number of potentially highly correlated climatic variables considered, these
climate metrics were iteratively introduced into the GLMs, and corrected Akaike
Information Criterion (AICc) values calculated, with the most parsimonious climatic
variables carried through to the next iteration (see also Appendix two, Tables 8, 9
and 10) prior to testing for significance.
6.3 Results
6.3.1 Climate of the European Alps: pixel by pixel trends
and variability in temperature and precipitation
Linear trends in temperature and precipitation
Across the European Alps, the spatial pattern of precipitation and temperature
change (in this instance measured by the linear trend) has changed significantly
between the pre- and post-1970 periods. In the early part of the 20th Century (1900-
1970) there was an overall decrease in precipitation across the GAR (mean of -0.025
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Figure 6.3: Linear trends for the European Alps for the early 20th century a) precipitation (1900-
1970) and b) temperature (1900-1970), compared with c) precipitation (1970-2010) and tempera-
ture (1970-2008) for the late-20th/early-21st century. Also shown are linear e) precipitation and
f) temperature trends for large landslides recorded in the RI.
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Figure 6.4: Showing the precipitation trend (as change in mm yr−1) over the period 1900-1970 (top
left) and 1970-2010 (top right). Annual temperature trend (◦C) for the period 1900-1970 (bottom
left) and 1970-2008 (bottom right). Both datasets cover the Greater Alpine Region (GAR) based
on HISTALP Grid-mode-2 data. Points indicate locations of large (>30m2) landslides.
mm yr−1), while overall, the European Alps had a positive precipitation trend (0.021
mm yr−1, Figure 6.3a). After the 1970s there was a reversal in this, with a positive
precipitation trend across the GAR (with a mean annual increase of 0.062 mm yr−1),
and a negative precipitation trend across the European Alps (-0.03 mm yr−1, Figure
6.3c). There is also a change in the spatial distribution; pre-1970, there is a north-
south divide, with areas to the north of the European Alps experiencing positive
precipitation trends, and the converse to the south, whilst post-1970, this pattern
changes to a marked east-west divide, with the west seeing an overall decreasing
trend, and an increasing trend in the east (Figure 6.4). Kolmogorov-Smirnov (KS)
tests carried out on the precipitation trends for the pre- and post-1970 datasets
showed that they were statistically different (p<0.01) across the European Alps
(Table 6.2), and across the GAR.
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Figure 6.5: Regional temperature change over the 20th century for the European Alps created from
the HISTALP Grid-mode-2 dataset. Dashed line is the MAAT, while the thick black line shows a
smoothed nine-year moving average. There are a number of temperature fluctuations throughout
the 20th Century, but from the 1970s onwards there is a pronounced positive trend.
In terms of temperature, there has been an overall warming trend during the
20th Century across the GAR, with this trend becoming more pronounced post-
1970 (Figure 6.5). Not only is the post-1970 trend stronger, but is spatially very
different from the pre-1970 trend (Figure 6.4). Prior to 1970, there was a slight
warming trend (∼0.01◦C yr−1) across the GAR and the European Alps, with the
French Alps showing the lowest increase in temperature (<0.01◦C yr−1, Figure 6.4).
In contrast, post-1970 has seen a much higher rate warming across the GAR, with
an overall increase in temperature of ∼0.05◦C yr−1, with a pronounced warming in
the French Alps of up to 0.07◦C yr−1 (the highest across the GAR, Figure 6.4). KS
tests on temperature trends for the European Alps for the pre- and post-1970 data
show that they are significantly different (Table 6.2).
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Interannual variability in temperature and precipitation
Along side the 20th Century warming trend, there has been a reduction in interan-
nual variability for both temperature and precipitation across the European Alps
(Figure 6.6). For the pre-1970 period, areas of higher interannual precipitation vari-
ability (>1500mm yr−1) stretch across the Swiss Alps and over Slovenia and Croatia
(Figure 6.7). This spatial pattern continues to the latter part of the 20th Century
(post-1970), with the highest variability centred over the southern Swiss Alps and
French/Swiss/Italian border (Figure 6.7). During the early-mid 20th Century (1900-
1970), the European Alps experienced higher interannual precipitation variability
(∼715mm; Figure 6.6) than the GAR as a whole (∼680mm). During the post-1970
period, interannual precipitation variability reduced across the GAR (varying by
∼580mm from year-to-year). In contrast, despite the reduction in variability across
the European Alps after 1970, interannual precipitation variability remains consis-
tently higher, for both periods, than across the GAR at (∼640mm, Figure 6.6),
suggesting that orography drives precipitation variability across the European Alps.
The negative trend in precipitation across the European Alps after 1970, combined
with the lower interannual variability might suggest an overall reduction in net pre-
cipitation across the region. KS tests highlighted that interannual precipitation
variability across the Alps was significantly different for the two time periods (Table
6.2).
For temperature, the spatial pattern of interannual variability is similar for both
the pre- and post-1970 periods across the GAR (Figure 6.7). Areas with low ele-
vations to the north, west and south of the European Alps experience the lowest
variability in temperature, with the European Alps and eastern (continental) Europe
having higher variability; although the amplitude of variability is different between
the two periods (Figure 6.7). For the post-1970 period there is a drop in interannual
temperature variability, coinciding with the profound late 20th century warming
(Figure 6.6); this shift is consistent with other modelled scenarios (e.g. Boer, 2009)
which show a decreases in interannual variability coupled with atmospheric warm-
ing. For the pre-1970 period, interannual temperature variability was ∼2◦C across
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Figure 6.6: Interannual precipitation variability for the European Alps for the early 20th century a)
precipitation (1900-1970) and b) temperature (1900-1970), compared with c) precipitation (1970-
2010) and temperature (1970-2008) for the late-20th/early-21st century. Also shown are variability
in interannual e) precipitation and f) temperature for large landslides in the RI.
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Figure 6.7: Interannual variability for precipitation for the period 1900-1970 (top left) and 1970-
2010 (top right); light blue shading highlights areas which experience a high degree of variability
from year to year, while browns denote areas with low interannual variability. Interannual tem-
perature variability for the period 1900-1970 (bottom left) and 1970-2008 (bottom right); yellow
shading highlights areas which have undergone a higher degree of interannual change than areas
shaded green. Datasets are from the HISTALP Grid-mode-2 data. Points indicate locations of
large (>30m2) landslides.
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the GAR and the European Alps, while post-1970, this figure dropped to 1.6◦C
across the GAR and 1.5◦C in the European Alps (Figure 6.6). KS tests highlighted
that interannual temperature variability across the European Alps was significantly
different for the two time periods (Table 6.2).
Seasonal variability in temperature and precipitation
Seasonal variation (i.e. variation across the year, between seasons) in both pre-
cipitation and temperature is consistent across both time periods, exhibiting both
a similar spatial pattern and amplitude (Figures 6.8 and 6.9). For precipitation,
seasonal variation is higher in the European Alps for both the pre- and post-1970
periods (78.57mm and 75.38mm respectively, Figures 6.8 and 6.9) in comparison
with the GAR (71.70mm and 68.89mm respectively). For precipitation, the greatest
variability between seasons occurs at the coast and over the European Alps, where
topography drives orographic precipitation, resulting in the sharp gradient between
the European Alps and surrounding low-lying (low elevation) areas (particularly to
the south, Figure 6.9). For temperature, seasonal temperature variability is higher
across the GAR than the European Alps for both the pre- and post-1970 periods.
Also, between the two time periods, there is little change in seasonal variability for
both the GAR (18.95◦C pre-1970, and 18.54◦C post-1970) and the European Alps
(∼17◦C for both time periods; Figure 6.8). KS tests showed no significant difference
in seasonal variability for the European Alps between the two time periods (Ta-
ble 6.2). Despite the significant warming trend across the European Alps over the
20th Century, there is no significant difference in seasonal temperature variability
between the two periods. There is however, a negative correlation between seasonal
temperature variability and elevation, suggesting that lapse rates strongly influence
the seasonal temperature signal (Figure 6.10).
6.3.2 Landslide frequency and climate
For the post-1970 dataset, LSS frequency was assessed to ascertain whether areas
of increasing (or decreasing) precipitation and temperature trends were associated
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Figure 6.8: Seasonal precipitation variability for the European Alps for the early 20th century a)
precipitation (1900-1970) and b) temperature (1900-1970), compared with c) precipitation (1970-
2010) and temperature (1970-2008) for the late-20th/early-21st century. Also shown are variability
in seasonal e) precipitation and f) temperature for large landslides recorded in the RI.
6.3. RESULTS 171
6 8 10 12 14 16 18
44
45
46
47
48
La
tit
ud
e 
(°N
)
Seasonal precip. 1900−1970
0
50
100
150
200
250Seasonal precip. 1970−2010
6 8 10 12 14 16 18
ll
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
lll
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l l
l
l
ll
l
l
l
l
l
l
l l
l
l
lll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
ll
ll
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
ll
l
l l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
ll
l
l
l
lll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
ll
l
ll l
l
l
l
Pr
ec
ip
ita
tio
n 
va
ria
bi
lit
y 
(m
m)
6 8 10 12 14 16 18
44
45
46
47
48
Longitude (°E)
La
tit
ud
e 
(°N
)
Seasonal temp. 1900−1970
Longitude (°E)
14
16
18
20
22
24
ll
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
lll
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l l
l
l
ll
l
l
l
l
l
l
l l
l
l
lll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
ll
ll
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
ll
l
l l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
ll
l
l
l
lll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
ll
l
ll l
l
l
l
Seasonal temp. 1970−2008
Te
m
pe
ra
tu
re
 v
ar
ia
bi
lit
y 
(°C
)
6 8 10 12 14 16 18
Figure 6.9: Seasonal range for precipitation for the period 1900-1970 (top left) and 1970-2010 (top
right). Seasonal temperature range for the period 1900-1970 (bottom left) and 1970-2008 (bottom
right). Datasets are from the HISTALP Grid-mode-2 data. Points indicate locations of large
(>30m2) landslides.
with a higher frequency of landsliding. For temperature, the difference between the
means of observed temperature trend for the European Alps and for LSS in the
RI is negligible at ∼0.001◦C per year (0.055◦C and 0.056◦C respectively; Figure
6.3d and f). KS tests showed a significant difference between the distributions for
temperature trend between LSS and the European Alps (Table 6.3); probably due
to the bimodal distribution exhibited by the European Alps data. Overall, LSS
occur more frequently in areas where there has been a negative precipitation trend
(with a mean of -0.11 mm yr−1, Figure 6.3e), consistent with the negative trend
exhibited across the European Alps post-1970. This negative precipitation trend
indicates on overall decrease in the net amount of precipitation received by an area,
but does not indicate how precipitation is distributed temporally throughout the
year; for example, increased variability resulting from more intense storms has been
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Figure 6.10: A random sample of points (n=1000) was taken across the area covered by the RI.
Elevation (from SRTM data) and climate metrics (from Figures 6.4, 6.7 and 6.9) were extracted,
and linear models applied. All relationships were significant (p<0.01). Additional LMs were applied
to the temperature trend and interannual variability as there is a divergence in both distributions;
for the trend, the intercept was used and models fitted to data either below (red) or above (blue)
0.05455; for interannual variability, landslides recorded above 1000masl were included in the second
LM (blue). The new fitted models result in an improvement in the R2.
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Table 6.2: KS test results for the European Alps, describing the difference (D) between temperature
for the pre-1970 period (1900-1970) compared with the post-1970 period (1970-2008), and for
precipitation comparing the pre- (1900-1970) and post-1970 (1970-2010) periods.
Precipitation Temperature
D p-value D p-value
Linear trend 0.318 <0.01 1 <0.01
Interannual quantile 0.186 <0.01 0.771 <0.01
Seasonal range 0.066 <0.01 0.114 <0.01
demonstrated across the European Alps during the 20th Century (e.g. Beniston,
2005). This analysis also does not include the timing of LSS , but considers LSS
frequency in the context of overall precipitation change across the European Alps.
Interannual precipitation variability has decreased over the 20th Century in the
European Alps; occurring simultaneously with the warming trend across the region
(as discussed in Section 6.3.1). Despite this pattern, large LSS in the RI are recorded
more frequently where there is higher interannual precipitation variability (with a
mean of ∼700mm, Figure 6.6 and Table 6.3). This suggests that it is not absolute
values of precipitation that have the biggest effect on landslide occurrence, but
oscillations from wet to dry, or more intense storms, which drive higher variability
(e.g. Beniston, 2005), have a more significant impact on landslide frequency (as
discussed in Chapter 5. Across the European Alps there is a > 2◦C spread for
interannual temperature variability, while for LSS the spread is much lower at ∼
0.6◦. Interannual temperature variability has been shown to be positively correlated
with elevation (over 1000masl; Figure 6.10). Around 70% of LSS in the RI are
recorded below this 1000m threshold (see Figure 4.14), which in part explains the
narrower spread and lower mean for interannual temperature variability associated
with large LSS in the European Alps. KS tests show that there is a significant
difference between the two distributions (Table 6.3).
When compared with the range of precipitation across the European Alps (Fig-
ure 6.8c), landslides are recorded more frequently where the there is higher vari-
ability in seasonal precipitation. This is evident through the difference between the
means for the two distributions; there is a higher mean of 79mm for areas in which
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Table 6.3: KS test results for the relationship between post-1970 temperature and precipitation,
and the distribution of LSS across the RI (see also Figures 6.3, 6.6 and 6.8).
Precipitation Temperature
D p-value D p-value
Linear trend 0.253 <0.01 0.325 <0.01
Interannual quantile 0.202 <0.01 0.250 <0.01
Seasonal range 0.114 <0.01 0.155 <0.01
LSS are recorded compared with 75mm across the European Alps. Both exhibit
a bimodal distribution for seasonal precipitation variability, however for LSS the
main peak in the distribution displays higher variability in seasonal precipitation
(between 110-120mm compared with 60-70mm for the European Alps; Figures 6.8c
and 6.8e). This higher seasonal variability could manifest as periods of low inten-
sity antecedent precipitation, followed by a high intensity storm where critical slope
stability thresholds are overtopped, resulting in failure. For temperature (consistent
with interannual variability), landslides are more frequently recorded where there is
lower seasonal variation in temperature (Figure 6.8d and 6.8f). While a strong neg-
ative relationship exists between elevation and seasonal temperature variability, the
majority of LSS in the RI are recorded below 1000masl where seasonal variability
is higher, and scatter is greater (Figure 6.5); overall LSS in the RI do not not occur
where seasonal temperature variability is high. KS tests showed that in all cases,
the distribution of LSS within the RI is significantly different from precipitation
and temperature metrics across the European Alps (Table 6.3 and Figures 6.3c, d,
e and f, 6.6c, d, e and f and 6.8c, d, e and f).
6.3.3 Climatic landslide triggers
Research Question 3 addresses relationships between landsliding and climate met-
rics over different spatial and temporal scales. The first section looks at regional
landslide occurrence along with temperature and precipitation triggers; the second
section goes on to consider lags between landsliding and climatic triggers; and the fi-
nal section considers how these may effect landslide size, independent of topography
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and geology.
Landslide frequency and regional climate
This first section addresses landslide frequency at a regional scale (across the extent
of the RI), and seeks to establish whether precipitation and temperature at a regional
scale can account for variation in landslide frequency. Both MAAT and mean annual
precipitation were calculated across the European Alps (defined as the region shown
in Figure 4.7) and input into a LM with LSS frequency to test whether, at a regional
scale, these could be used to effectively predict LSS frequency across the RI. Results
from the LMs highlighted mean annual precipitation as significantly influencing
landslide frequency (p < 0.01), with high mean annual rainfall coinciding with a
higher frequency of landslides in the same year (Table 6.4), as would be expected
(e.g. Corominas & Moya, 1999; Iverson, 2000; Dai & Lee, 2001; Dai et al., 2002).
Results for MAAT, showed no significant influence over landslide frequency (Table
6.4).
The Predict function (R Core Team, 2015; Chambers & Hastie, 1991), takes
model exponents drawn from LMs and fits them to given data. Regional precipita-
tion and MAAT for the European Alps, were used with the Predict function in R to
assess how well the model predicts annual landslide frequencies across the European
Alps. In a number of years, the model accurately predicts the pattern of peaks and
troughs in landslide frequency; for example the troughs in 1976, 1980, 1989, 1991,
1993, 1995-1998 and 2004, and the peaks in 1975, 1977, 1981, 1986, 1988, 1990,
1992, 1994, 1999 and 2002 (Figure 6.11). While this pattern is replicated to an
extent, there are deviations, and the model is much more attenuated for predicted
frequencies; with recorded frequency being consistently higher (Figure 6.11).
Model runs were additionally carried out on seasonal data. Of the seasonal LMs,
spring and autumn perform the best (p<0.1 for each), and in both cases, combined
precipitation and temperature accounts for ∼35% of the variation seen in LSS fre-
quency (Table 6.4). The LM outputs for summer and winter were not significant
(p>0.05, Table 6.4), suggesting that other influences are more important; during
the summer months, this may be due to convective storms which are likely missed
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Table 6.4: LM results for annual and seasonal regional climate and landslide frequency for the
period 1970-2008. Significance codes: p<0.01 ***, p<0.05 **, p<0.1
Annual Estimate Standard Error t value p-value Sig.
(Intercept) 1.15E-13 1.16E+00 0 1
precip annual$detrend 3.46E-01 1.16E-01 2.99 <0.01 ***
temp annual$detrend 3.05E+00 2.78E+00 1.095 0.281
Adjusted R-squared 0.177
p-value 0.01134 **
Spring Estimate Standard Error t value p-value Sig.
(Intercept) 3.00E-14 5.72E-01 0 1
precip spring$detrend 1.40E-01 3.04E-02 4.587 <0.01 ***
temp spring$detrend 5.34E-01 7.26E-01 0.736 0.466
Adjusted R-squared 0.3458
p-value <0.01 ***
Summer Estimate Standard Error t value p-value Sig.
(Intercept) 4.55E-14 7.34E-01 0 1
precip summer$detrend 3.82E-02 4.99E-02 0.766 0.449
temp summer$detrend -4.55E-01 1.09E+00 -0.416 0.68
Adjusted R-squared -0.01852
p-value 0.5257
Autumn Estimate Standard Error t value p-value Sig.
(Intercept) 1.19E-14 3.61E-01 0 1
precip autumn$detrend 6.01E-02 1.28E-02 4.693 <0.01 ***
temp autumn$detrend 5.06E-01 4.72E-01 1.072 0.291
Adjusted R-squared 0.3452
p-value <0.01 ***
Winter Estimate Standard Error t value p-value Sig.
(Intercept) 2.86E-14 4.32E-01 0 1
precip winter$detrend 4.89E-02 2.16E-02 2.263 0.0298 **
temp winter$detrend 4.33E-01 4.23E-01 1.022 0.3134
Adjusted R-squared 0.08609
p-value 0.07475 *
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Table 6.5: LM results for annual and seasonal regional climate and landslide frequency for the
period 1970-2002. Significance codes: p<0.01 ***, p<0.05 **, p<0.1
Spring (with COST733) Estimate Standard Error t value p-value Sig.
(Intercept) -3.40E-15 6.63E-01 0 1
precip spring.c$detrend 1.31E-01 4.09E-02 3.204 <0.01 ***
temp spring.c$detrend 8.06E-01 9.00E-01 0.896 0.37785
spring.cost.c.detrend -2.40E-02 1.26E-01 -0.19 0.85048
Adjusted R-squared 0.2593
p-value <0.01 ***
Summer (with COST733) Estimate Standard Error t value p-value Sig.
(Intercept) 2.37E-15 6.86E-01 0 1
precip summer.c$detrend 3.74E-02 4.42E-02 0.846 0.404
temp summer.c$detrend -3.61E-01 1.34E+00 -0.27 0.789
summer.cost.c.detrend -8.39E-03 1.28E-01 -0.066 0.948
Adjusted R-squared -0.06352
p-value 0.7803
Autumn (with COST733) Estimate Standard Error t value p-value Sig.
(Intercept) 1.48E-14 3.69E-01 0 1
precip autumn.c$detrend 7.86E-02 1.52E-02 5.165 <0.01 ***
temp autumn.c$detrend 1.87E-01 5.27E-01 0.355 0.72511
autumn.cost.c.detrend -1.40E-01 4.69E-02 -2.982 <0.01 ***
Adjusted R-squared 0.4301
p-value <0.01 ***
Winter (with COST733) Estimate Standard Error t value p-value Sig.
(Intercept) -7.13E-15 4.83E-01 0 1
precip winter.c$detrend 7.53E-02 3.46E-02 2.179 0.0376 **
temp winter.c$detrend 1.87E-01 5.28E-01 0.354 0.7259
winter.cost.c.detrend -1.10E-01 1.01E-01 -1.084 0.2872
Adjusted R-squared 0.07062
p-value 0.1673
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when considering monthly and annual precipitation totals, and during the winter,
temperatures may play a greater role, as well as precipitation totals over the pre-
ceding months, and so lagged effects may be more important. Overall, precipitation
was the most dominant influence on LSS frequency, with higher precipitation dur-
ing spring, autumn and winter being associated with higher LSS frequencies (Table
6.4).
The seasonal LM outputs were also investigated in R using the Predict function
(R Core Team, 2015; Chambers & Hastie, 1991) to ascertain how well the models
replicate recorded LSS frequencies. For spring and autumn, there is consistency
between recorded frequencies and the models (Figure 6.11). For spring in particular
predicted landslide frequencies match those recorded, with both the pattern and fre-
quencies being well represented; with the exception of 1999 in which recorded LSS
frequencies far exceed those predicted (Figure 6.11). Predicted landslide frequencies
in the autumn months also match the patterns exhibited by the recorded LSS fre-
quency data from the RI however, high frequency years are again under represented
by the model (Figure 6.11). For summer and winter, landslide frequencies are poorly
represented, with both the peaks and troughs in frequency being mismatched and
the amplitude poorly represented (Figure 6.11). Although winter performs slightly
better, the p-value for the model (p=0.075) shows that it is not significant, suggest-
ing that other influences have a greater bearing on landslides occurring during these
seasons (Figure 6.11 and Table 6.4).
Chapter 5 highlighted how synoptic weather patterns can influence landslide
occurrence (Wood et al., 2016); for example, during the summer months, convective
storms occurring under certain synoptic weather types have a significant impact
on landslide frequencies. In order to account for these short-term perturbations,
COST733 weather types (for the period 1970-2002) were included in the seasonal
LMs. Again, the LMs for spring and autumn were significant (p<0.01). During
the autumn months, the COST733 data had a significant negative influence in the
model, while the inclusion of the COST733 had no significant affect during the other
seasons (Table 6.5). For autumn, there was an improvement in the R2 value for the
LM (R2 =0.43 when considered over the same time period, c.f. Appendix two, Table
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12). The R2 value for spring LSS decreased (R2 =0.26), with the COST733 data
having no significant affect on the model output, suggesting that other factors such
as winter precipitation (falling as snow) and thus degree of melting in the spring
would manifest lagged effects not captured by the model, overshadowing any short-
or long-term seasonal effects. Both summer and winter GLMs remain insignificant
(p=0.78 and p=0.07 respectively; Table 6.5).
Landslide frequency and climate lags
None of the previous analyses deals explicitly with lags between the climate/weather
trigger and landslide occurrence. In this section, cross correlation was used to test for
such lags at monthly resolution. All large LSS across the RI were firstly included the
analyses. Precipitation in the month of landslide occurrence has the most significant
influence over landslide frequency (Figure 6.12). Anomalously high precipitation
occurring ∼2 years prior to landslide occurrence (-22 and -23 months) also has
an effect on landslide frequency, possibly suggesting a cyclical (biennial) pattern
(Figure 6.12). Temperature in this instance is not significant, probably due to the
high degree of variability across the year which plays a more important role in some
seasons than in others. This analysis looks at all landslides across the year, and while
precipitation may present a significant result, it does not include seasonal variation
which has been shown to be an important factor over short timescales (Chapter 5
Wood et al., 2016).
Seasonal analysis was therefore undertake. LSS were partitioned by season, and
cross-correlation was used to see if there was a seasonal signal between landslide
frequency and the precipitation (or temperature) in the preceding months. For
every season, higher landslide frequencies are recorded when there has been high
rainfall in the same month (Figure 6.13). However, a series of complex patterns also
exist between seasonal LSS frequency, temperature and precipitation conditions over
the preceding two years. LSS occurring in each season will therefore be described
separately.
For LSS occurring during the spring, a cyclical pattern emerged. Increased LSS
frequencies coincided with oscillations between wet and dryer than average periods
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Figure 6.11: Modelled landslide frequency (based on LM outputs; blue dashed lines) for the period
1970-2008, compared with recorded landslide frequency (solid black lines) at (top to bottom) annual
resolution, and for spring, summer, autumn and winter. Seasonal analyses also include COST733
weather types for each season which were associated with a higher than expected frequency of
landslides (for the period 1970-2002, based on the analysis in Chapter 5; red dashed lines).
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Figure 6.12: Monthly lags in precipitation (top) and temperature (bottom) for landslide initiation
in the RI. Monthly landslide frequencies for the period 1970-2008 were cross-correlated in R using
the ccf function (Venables & Ripley, 2013). Blue lines denote levels of significance (p<0.05).
in the preceding two years (Figure 6.14). A colder/wetter autumn/winter is also
consistent with increased LSS frequencies during the spring (Figure 6.14). In this
situation, the colder temperatures would translate to the increased precipitation
falling as snow, which could potentially provide a mechanism for overtopping stable
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Figure 6.13: Seasonal monthly lags in precipitation for landslide initiation in the RI. Monthly
landslide frequencies for the period 1970-2008 were separated seasonally and cross-correlated in R
using the ccf function (Venables & Ripley, 2013). Each of the seasons shown in the top left hand
corner denotes the season for which landslide frequencies were derived, with the lag representing
the number of months prior to landslide occurrence for these seasons. Blue lines denote levels of
significance (p<0.05).
conditions during the spring melt leading to landslide initiation. Saez et al. (2013a)
also found that spring landslide frequencies are influenced by increased winter pre-
cipitation and warmer springs.
Summer LSS are triggered by high precipitation and lower temperatures in the
month of occurrence (Figures 6.13 and 6.14). Increased LSS frequencies are recorded
when there is a warm dry summer in the previous year (Figures 6.13 and 6.14).
One possible explanation for this is that summer landslides are triggered by similar
mechanisms, if there was a dry summer in the previous year then this would translate
as a year with low frequencies of summer landslides; when this is followed by a wet
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Figure 6.14: Seasonal monthly lags in temperature for landslide initiation in the RI. Monthly
landslide frequencies for the period 1970-2008 were separated seasonally and cross-correlated in R
using the ccf function (Venables & Ripley, 2013). Each of the seasons shown in the top left hand
corner denotes the season for which landslide frequencies were derived, with the lag representing
the number of months prior to landslide occurrence for these seasons. Blue lines denote levels of
significance (p<0.05).
year, then an increased frequency of landslides might be expected.
For LSS occurring during the autumn, the main signal is provided by precipi-
tation in the month of initiation. Other peaks and troughs appear significant, but
not to the same degree as the month of LSS occurrence (Figure 6.13). Similarly
to spring, a complex pattern of warm/cold oscillations also results in increased fre-
quencies during the autumn, suggesting that there may be a mechanistic effect of
temperature variability.
As with autumn, the most significant influence on winter LSS is precipitation oc-
curring in the month of initiation (Figure 6.13). Again, oscillations between periods
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of cold/warm in the preceding months also may provide a mechanical/weakening
effect of temperature on exposed rock surfaces (Figure 6.14). Whilst seasonal dif-
ferences in synoptic weather patterns (Chapter 5, Wood et al., 2016) were shown
to have an influence on landslide frequencies, the patterns shown by the cross-
correlation analysis presented here are complex, and physical mechanisms behind
the seasonal lags resented here, are not clear.
Landslide size and climatic triggers: lagged effects
This final section investigating the influence of different climate metrics on the inci-
dence of landsliding in the European Alps considers temperature and precipitation
trends, interannual and seasonal variability over 30-, 10-, five and one-year periods
prior to landslide occurrence and looks at the influence these have on landslide size,
independent of topographic and geologic controls.
Temperature and precipitation trends were considered over 30-, 10-, five- and
one-year periods prior to landslide initiation to see if these metrics had an affect
on landslide size. No significant relationship was found between LSS size and the
temperature or precipitation trend for any of the time periods considered (Figure
6.15 and Appendix one, Figures 22, 23 and 24).
For LSS recorded in the RI, interannual variability of both precipitation and
temperature were considered over 30-, 10- and five-year periods prior to landslide
initiation to see if there was an effect on landslide size. For all time periods (30-
years, Figure 6.15, 10-years, Appendix one, Figure 22, and five-years Appendix one,
Figure 23), neither seasonal temperature nor precipitation variability were found to
have a significant affect on LSS size, with no trend detected in all cases.
Seasonal variability (measuring the variability across the year) for precipitation
and temperature were also considered over 30-, 10-, five-, and one-year time periods;
for precipitation, no significant relationship was found. For temperature, 30-years
(Figure 6.15), 10-years (Appendix one, Figure 22), and five-years (Appendix one,
Figure 23) were all found to have a significant negative relationship with LSS size
(p≥0.01); regression coefficients were -0.205, -0.180 and -0.103 respectively. The R2
values obtained for these relationships remain small (0.02 ≥ R2 ≤ 0.05). This is
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Figure 6.15: For large LSS (>30m2) the relationship between landslide size and a) prior 30-year
precipitation and b) temperature trends. Interannual variability based on c) total annual precip-
itation and d) mean annual temperature and for 30 years prior to landslide initiation. Seasonal
variation in e) precipitation and f) temperature, calculated from averaged 30-year monthly data; a
significant (p<0.01) negative correlation was found between seasonal temperature variability and
landslide size (R2=0.05).
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consistent with results found in earlier sections which showed a positive relationship
between elevation and landslide size (Figure 4.13), a negative relationship between
seasonal temperature variability and elevation (Figure 6.10), and low seasonal vari-
ability for LSS recorded in the RI compared with across the European Alps (Figure
6.8). This suggests that elevation is intrinsically linked with temperature controls
on landsliding in the European Alps.
Generalised Linear Models (GLM) were used to look at combined effects of the
different climate metrics. These were added iteratively into the model runs, with
variables being retained if they featured in the most parsimonious models. For pre-
cipitation, the five-year linear trend features consistently in the most parsimonious
models (Appendix two, Tables 3, 4, 5 and 6). Both the one- and 10-year seasonal
range also features consistently until the inclusion of seasonal temperature variabil-
ity; however still remains within two delta units of the most parsimonious models
(Appendix two, Table 5). For this reason, two final model runs are detailed here
with these terms included in one (Model G) and excluded in the other (Model H ).
For temperature, the one- and 30-year seasonal temperature range features consis-
tently in most parsimonious models; both were therefore included in the final GLM
runs.
Results from the GLMs (Models G and H, Table 6.6) show that seasonal tem-
perature (over 30-years) is significant in both models (p<0.01), having a negative
correlation with landslide size (Figure 6.15). Areas with lower temperature ranges
across the year (i.e. higher elevation locations) are associated with larger LSS . The
precipitation trend over the five-years prior to LSS occurrence has a negative effect
on landslide size (Table 6.6 and Appendix one, Figure 23); however a decreasing
precipitation trend could occur at the same time as an increase in variability which
may have a more important influence on landslide size. Model G highlights seasonal
precipitation across the year prior to LSS occurrence as having an effect on size
(p<0.1, Table 6.6), with higher variability in precipitation having a positive corre-
lation with landslide size; although this relationship is less significant in the model,
and individually does not have a significant influence over landslide size (Appendix
one, Figure 24). Seasonal precipitation (10- and five-years) only appears in three
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Table 6.6: GLMs G (top) and H (bottom) which describe relationships between landslide size and
the various climate metrics. Model H includes five-year precipitation trends, and one- and 30-year
seasonal temperature variation which occur in all of the most parsimonious models, while Model G
also includes one- and 10-year seasonal precipitation which occur in some of the most parsimonious
GLMs (see also Appendix two, Tables 4, 5 and 6). Significance codes: p<0.01 ***, p<0.05 **,
p<0.1 *
(Model G) Estimate Standard Error t value p-value Sig.
Intercept 6.2134843 0.7380635 8.419 <0.01 ***
Precip. (1-year Seasonal R.) 0.0013781 0.0007645 1.803 0.0721 *
Precip. (5-year linear) -0.1462123 0.0799807 -1.828 0.0682 *
Precip. (10-year Seasonal R.) -0.0020507 0.0013272 -1.545 0.1230
Temp. (1-year Seasonal R.) 0.0459676 0.0272698 1.686 0.0925 *
Temp. (30-year Seasonal R.) -0.2385486 0.0458761 -5.200 <0.01 ***
Adjusted R-squared 0.06123
(Model H) Estimate Standard Error t value p-value Sig.
Intercept 6.34319 0.73073 8.681 <0.01 ***
Precip. (5-year linear) -0.11359 0.07790 -1.458 0.1454
Temp. (1-year Seasonal R.) 0.05159 0.02711 1.903 0.0577 *
Temp. (30-year Seasonal R.) -0.24685 0.04554 -5.421 <0.01 ***
Adjusted R-squared 0.05787
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of the most parsimonious models and so was removed from the GLM for Model
H ; here seasonal temperature variability remains the only significant influence on
landslide size (Table 6.6), possibly influenced by the strong negative correlation be-
tween elevation and seasonal temperature variability (p < 0.01 and R2 =0.44; Figure
6.10).
6.3.4 Landslide size, geology, topography and climate
Topography and geology have been shown to influence the size and timing of land-
slides in the European Alps (e.g. Guzzetti et al., 2002, see also Chapter 4), and
are important controls on the distribution of temperature and precipitation across
the region (see Section 6.3.1); however topography and geology were not controlled
for in the previous analyses. Research Question 4 addresses this, and a series of
GLMs were created to identify links between landslide size and climate triggers (in-
cluding temperature and precipitation trends, interannual and seasonal variability),
whilst controlling for topographic and geologic effects. As with the previous section
(6.3.3), precipitation and temperature metrics were iteratively introduced into the
models; starting with precipitation (trend, seasonal variability and interannual vari-
ability) and then temperature (linear trend, seasonal and interannual variability).
The generated GLMs were compared in R using the dredge function in the MuMIn
package (Barton, 2012); variables were retained in the model to the next iteration
if they featured in the majority of the most parsimonious models (see Section 6.2.4
for details).
The most parsimonious GLMs included linear precipitation trend and interan-
nual variability over 5-years preceding landslide initiation, and one- and 10-year
seasonal temperature range (Table 6.7, see also Appendix two, Tables 8, 9 and 10).
The results of GLMviii (which includes the most parsimonious variables, Table 6.7),
shows that elevation becomes the most significant variable (p<0.01). Seasonal tem-
perature range for one- and 10-year (p<0.05 and p<0.01 respectively) were shown to
have a significant relationship with landslide size (Table 6.7). When plotted individ-
ually against landslide area, the seasonal temperature range over 10-years prior to
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landslide occurrence (Appendix one, Figure 22) had a significant (p<0.01) negative
relationship with landslide size (R2=0.04), while for one-year (Appendix one, Figure
24), this relationship was slightly positive, and not significant (p=0.91). Previous
sections have discussed the strong negative relationship between seasonal temper-
ature and elevation, and in turn the strong positive relationship between elevation
and landslide size. For precipitation in the GLM, only interannual variability had a
significant, but weak negative effect on landslide size (p≈0.05, Table 6.7).
Table 6.7: GLM for precipitation (5-year linear trend and interannual variability), temperature (one
and 10-year seasonal variability) and controlling for geology and topography. The precipitation and
temperature metrics appeared consistently in the most parsimonious model runs (see Appendix
two, Tables 9 and 10). Significance codes: p<0.01 ***, p<0.05 **, p<0.1 *
(Model viii) Estimate Standard Error t value p-value Sig.
Intercept 3.6893591 0.8138379 4.533 <0.01 ***
Elevation 0.0007654 0.0001321 5.795 <0.01 ***
Slope 0.0081538 0.0051478 1.584 0.11389
Aspect (North) -0.1664463 0.1377707 -1.208 0.22761
Aspect (South) -0.1777624 0.1304237 -1.363 0.17356
Aspect (West) -0.0437363 0.1503366 -0.291 0.77124
Geology (Igneous) 0.1287121 0.2953199 0.436 0.66316
Geology (Metamorphic) -0.1159180 0.1543653 -0.751 0.45308
Geology (Sediment) -0.2080580 0.1356679 -1.534 0.12582
Geology (Sedimentary) -0.1861194 0.1227652 -1.516 0.13019
Precip. (5-year linear) -0.1236396 0.0763711 -1.619 0.10614
Precip. (5-year Int. Ann.) -0.0004422 0.0002296 -1.926 0.05476 *
Temp. (1-year Seasonal R.) 0.0569993 0.0261659 2.178 0.02988 **
Temp. (10-year Seasonal R.) -0.1162834 0.0445974 -2.607 <0.01 ***
Adjusted R-squared 0.1282
6.4 Summary
Research Question 1 addresses the climate of the European Alps and the GAR
across the 20th Century, leading into the 21st, while Research Question 2 puts
these trends into context with large LSS (recorded after 1970) in the European Alps.
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The GAR has seen a warming trend throughout the 20th and 21st Centuries; this
warming is most pronounced in the French Alps from 1970 onwards (Figure 6.4).
The warming trend across the region has been matched with a decrease in the inter-
annual temperature variability between the pre- and post-1970 periods (consistent
with modelled scenarios; Boer, 2009, Figure 6.6); however, while the amplitude of
variability has changed, the spatial pattern remains largely consistent, with conti-
nental regions and higher elevations experiencing the highest variability. There was
no change in seasonal temperature and precipitation variability over the 20th Cen-
tury and into the 21st, with little change in the amplitude and spatial distribution
(Figures 6.8 and 6.9). Seasonal precipitation variability is higher in the European
Alps than across the GAR while the converse is true for temperature. Seasonal
temperature variability is strongly correlated with elevation, suggesting that lapse
rates are a dominant control.
Prior to 1970, there was a slight positive precipitation trend across the European
Alps however, this pattern changes direction after 1970 to a negative trend (Figure
6.4), matched with a decrease in interannual variability towards the end of the 20th
Century (Figure 6.7). This change across the European Alps from 1970 onwards
was investigated in terms of LSS in the context of Research Question 2 which
considered the distribution of LSS recorded after 1970. LSS in the RI are more
frequently recorded where there has been a negative precipitation trend (Figure 6.3)
however, the precipitation trend has largely been negative throughout the late 20th
Century. While there has been an overall decrease in interannual precipitation vari-
ability across the European Alps over the latter part of the 20th Century, LSS are
still consistently recorded where interannual variability at levels comparable with
the early 20th Century (Figure 6.8). This reduced precipitation and heightened
variability possibly translates as more intense storms across the region; a conse-
quence of the warming trend (Christensen & Christensen, 2004; Frei et al., 2006;
Gobiet et al., 2014; Giorgi et al., 2016). The warming over the 20th century is most
pronounced in the west of the European Alps, where most of the landslides in the
RI are recorded (Figure 6.4).
Studies have shown that for shallow soil-landslides, vegetation cover strongly
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influences slope stability (e.g. Schwarz et al., 2010; Vergani et al., 2014; Dorren &
Schwarz, 2016; Moos et al., 2016), while for deep-seated landslides, with sliding
planes occurring at greater depths than that of the root, the effects of root cohesion
have no impact on slope stability (Steinacher et al., 2009). Vegetation cover is also
strongly controlled by topographic and geologic variables in the European Alps; slope
gradient, catchment area and land-use present the most important influences on
vegetation distribution (Baeza & Corominas, 2001). Future changes in the climate
(depending on the amplitude) are also likely to affect vegetation, both in structure
and composition (Theurillat & Guisan, 2001; Gehrig-Fasel et al., 2007; Leonelli et al.,
2011). Research carried out into vegetation changes during the Holocene has shown
that these too are synchronous with increased landslide activity (Dapples et al.,
2003).The analyses presented in Chapter 3 suggest that landslides recorded in the
RI are a mixture of soil and bedrock landslides (see Figure 3.3). As only large LSS
are included in the analyses in this chapter, this should mitigate the exclusion of
vegetation cover at this stage. However, the potential stabilising effects of vegetation
on slopes in the European Alps, and the impacts of changes in the climate on the
distribution of vegetation in the region, present an important and interesting avenue
of future research.
Research Question 3 takes a broad look at various climate metrics and their
possible influence both on landslide frequency and size. The first analysis takes a
regional approach, and addresses the influence of temperature and precipitation on
landslide frequency across the European Alps. Regional MAAT and regional mean
annual precipitation totals are good predictors of landslide frequency for landslides
occurring in the RI (Figure 6.11); accounting for ∼17% of the variation in landslide
frequency annually (Table 6.4). When model exponents were used to predict land-
slide frequencies from given regional temperature and precipitation data, the pattern
was well replicated annually and for LSS occurring spring and autumn, however the
amplitude was much more attenuated in the model outputs. Seasonally, spring and
autumn months provide the best models, with temperature and precipitation ac-
counting for ∼35% of the variation in landslide frequency (Figure 6.11 and Table
6.4). Including the COST733 dataset in these models has little effect for summer
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and winter, but increases the R2 value for autumn months; however, for spring, this
inclusion sees a reduction in the R2 value to ∼26% (see Table 6.5 and Appendix
two, Table 12).
Following this, lags between landslide occurrence and the climate triggers were
considered with the use of the cross-correlation function in R. Precipitation in the
month of landslide occurrence is the most important (and only significant) influence
on LSS frequency (Figure 6.12). The analyses presented in Chapter 5 (and Wood
et al., 2016) highlight seasonality as an important influence on landslide frequencies;
showing that different weather patterns had greater influence on landslide occurrence
at different times of the year. When the cross-correlation function is used to analyse
seasonal LSS occurrence, precipitation in the month of occurrence remains the most
significant influence (Figure 6.13). A complex pattern of wet to dry periods is also
present (particularly for spring and autumn landslides, Figure 6.13). A complex
pattern was also present for temperature however, elevation and aspect have been
shown to have a significant influence over temperature (as discussed in Chapter
4). Future analyses should therefore partition the data based on these to see if
this has an effect on the relationships presented here. Overall, the cross-correlation
analysis highlighted a complex pattern of precipitation and temperature for seasonal
landslides, while the overarching effect on landslide frequencies was anomalously high
precipitation in the month of landslide occurrence.
The final analysis pertaining to Research Question 3 dealt with landslide size
in relation to temperature and precipitation trends and variability over the different
time periods. Overall, when these metrics are taken individually there is no rela-
tionship between these and landslide size with the exception of seasonal temperature
(Figure 6.15 and Appendix one, Figures 22, 23 and 24). For seasonal temperature,
there was a negative relationship with landslide size, however seasonal temperature
variability was shown to be correlated with elevation and so it is not clear from these
analyses which is the driver of the variation in landslide size. Additionally, there
was a strong positive correlation between elevation and slope gradient, which also
has a positive influence on landslide size; so it is possible that elevation is acting as
a proxy for slope gradient (Appendix one, Figure 18).
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GLM Model G highlighted seasonal precipitation variability as being positively
correlated with landslide size, with greater variability resulting in larger landslides
(Table 6.6). The five-year linear precipitation trend also presents a significant cor-
relation with landslide size (Model G, Table 6.6). This relationship is negative,
however there has been an overall negative precipitation trend across the European
Alps since the 1970s, and the negative trend does not factor in seasonal variation
which has been shown to have a positive correlation with landslide size (Table 6.6).
Research Question 4 controls for topography and geology in the GLMs. Ele-
vation is the most significant influence on landslide size in all GLM runs (Table 6.7
and Appendix two, Table 11). Interannual precipitation has an apparent negative
effect on landslide size (Table 6.7), while seasonal temperature has a mixed effect
on landslide size; with variability over 10-years having a negative effect, and in the
preceding year having a positive effect (Table 6.7). Analyses in Chapter 4 showed
that larger landslides are recorded at higher elevations, and so the significant re-
lationship between landslides and seasonal temperatures may be more due to the
strong relationship with these and elevation, over a mechanical influence of seasonal
temperature; however, it remains unclear which is the driver given that elevation
may also be acting as a proxy for slope gradient (e.g Dai & Lee, 2002; Ayalew &
Yamagishi, 2005). Variable selection for the GLMs, through the use of AICc val-
ues, highlighted the importance of this process; additional GLMs were run including
all terms (Appendix two, Table 11), however only elevation was significant in this
model run and so other important connections discussed previously would have been
overlooked had this process of variable selection not been carried out.
There are a number of limitations to the data which have previously been ad-
dressed in earlier chapters, but which are important to relate to the discussion here.
The first is related to landslide location. None of the individual databases stated
definitively whether landslide location was recorded at the deposit area or the source.
There is also a bias towards landslides located in the French and Swiss Alps (see
Figure 2.4). Given that the main concern in this chapter is climate, the NetCDF
grid cells of the HISTALP dataset cover an area of ∼40 km2, and so this limita-
tion is not considered to be important for this analysis as there are often multiple
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landslides recorded in each cell. The second limitation affecting the analyses in this
chapter is the time period covered by the RI. Whilst the oldest landslides recorded
in the RI date back to 1248, the analyses presented in Chapters 2 and 3 highlighted
that LSS in the RI were only consistently recorded from 1970, up to the end of the
database in 2010. As climate is usually defined over a 30-year period (IPCC, 2013),
this relatively short 40-year period of time covered by the RI effectively represents
only one climate-period. In order to fully investigate links between climate and land-
sliding in the region, longer, complete landslide records are needed for the region.
The third limitation has been discussed earlier in this section and relates to the
stabilising effect of vegetation cover which has been excluded from these analyses,
but presents an important future avenue of research. The effects of topography and
geology are also important (as discussed in Chapter 4), and will account for a degree
of the unexplained variation in both landslide size and frequency. The analyses pre-
sented here show a complex relationship between climate triggers and landsliding in
the European Alps. Despite these limitations, temperature and precipitation at a
regional scale have been show to provide the best predictors of landslide frequency.
Chapter 7
Discussion
7.1 Development of the RI (Levels 1 and 2)
Landslide inventories are typically collated for one of two reasons: 1) For inves-
tigating power-law relationships which exist between landslide frequency and the
area affected (as discussed in Chapter 3; e.g. Stark & Hovius, 2001; Malamud et al.,
2004a); 2) For susceptibility studies looking at landslide susceptibility across large
areas (e.g. Van Den Eeckhaut et al., 2010, 2012). As discussed in Section 1.2.3 and
2.2.1, metrics important for attribution studies (Figure 1.3) are often omitted from
landslide inventories, with landslide area or volume being consistently recorded in
modern inventories, while for historical inventories, these metrics are often omit-
ted. Modern inventories provide detailed studies, usually at the catchment-scale, of
all landslides occurring in that area, usually resulting from a single trigger event.
These inventories are usually reported in academic literature through the application
of power-law statistics (e.g. Stark & Hovius, 2001; Malamud et al., 2004a; Guzzetti
et al., 2002, see Chapter 3). Inventories collated for the application of power-law
statistics are implicitly assessing the completeness of the collated inventory (without
necessarily expressly identifying this). The reasons for compiling the two inventory-
types are very different, and so aligning the intention of understanding landslide
susceptibility relating as a result of climate change can only be achieved through a
comprehensive analysis of different inventories over a wider area.
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The Regional Landslide Inventory (RI) collated for this thesis was compiled from
a variety of different sources across the European Alps. Inventories such as this have
the potential to enable us to develop a better understanding of landslide patterns
across regions and through space and time. The primary aim of this research was
to construct a unified database for the European Alps to include both long-term
records and relevant metrics (Figure 1.3) to enable a clear indication of the spatial
and temporal patterns of landsliding over the 20th Century.
Chapter 2 discussed the unification of the RI, comprising 7,919 landslides across
the European Alps. Differences in language and classification have, in the past,
obscured the attribution of changes in the frequency and magnitude of landsliding
to, for example, climate change. For the RI, the first step in the unification process
involved the aligning of different definitions used across the multiple source datasets,
spanning a number of languages through the interrogation of additional information
provided in individual databases to create a homogenised dataset (Table 2.2). Co-
ordinates were then converted to latitude and longitude degrees in order to remove
the necessity for end users to modify landslide locations from the original sources
Coordinate Reference System (CRS). This part of the unification process allowed
for the easy visualisation of the spatial distribution of the data. Figure 2.4 highlights
the spatial distribution of landslides across the RI by landslide classification; from
this there is an obvious bias towards the French and Swiss Alps given the lack of
data used from the GB database. This bias thus has an effect on the interpretation
of the topographic results (as discussed previously in Section 4.4, and which will be
further addressed in Section 7.2).
The final step in the unification process was to account for the temporal record-
ing of landslides across the region, which due to conflict in the region (e.g. World
Wars I and II), the redefining of national borders and language changes (e.g. Auer
et al., 2007), is potentially inconsistent across the 20th Century. Given that his-
torical datasets make up a significant proportion of the RI (>40%) it is important
to consider cultural bias which may exist within the inventories. The WSL and
GB datasets are compiled from newspaper articles, scientific and technical papers,
and from insurance claims. The recording of these historic landslides will therefore
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depend on the cultural context and relationship that people have with their nat-
ural environment (e.g. Harmsworth et al., 2005). The reporting of landslides may
be time-sensitive, with other natural hazards (such as earthquakes) taking higher
precedence, and may also be dependent on mortality or associated financial costs.
Many historic inventories remain incomplete, failing to record consistently the tim-
ing and size of landslides (e.g. Herva´s et al., 2007; Gu¨nther, 2008; Herva´s et al., 2010;
Bell et al., 2012). Histograms applied to annual landslide counts showed this lack
of consistency in recording through time for the different types of landslide (Figures
2.6 and 2.7). If an assumption is made that a linear fit to the cumulative frequency
of different landslide classes over time means that there is uniformity in recording,
then one might expect to see the different datasets recording similar proportions of
each class at similar times; resulting in consistent breaks across all landslide classes
for the RI. Segmented models were used to define these breaks, firstly for each
of the source datasets (Table 2.2), and then for the compiled RI (Figures 2.6 and
2.7). These models highlighted ultimate break years ranging from 1958-1983 for
individual datasets, while for the combined/collated RI ultimate break years were
constrained to 1973-1985 (Table 2.7). Although the cultural biases still exist (due
to differences in perception and also from differences in geology and thus trigger, as
discussed in Section 1.2.3; e.g. Guzzetti, 2000), the post-1970 portion of the dataset
is represented by a linear fit (Figures 2.6 and 2.7), suggesting linearity in recording,
with breaks from segmented models being effectively used to identify discontinuities
in the recording of the RI (Table 2.7).
Chapter 3 continued to test for completeness of the RI through the use of the
robust and well-defined power-law distribution, which exhibits a log-linear tail for
large landslides (Figure 3.1). This distribution was tested using the ultimate break
years, whereby landslides (specifically LSS and RTL) were included in the analyses.
Scaling relationships, as defined by Larsen et al. (2010), were used to increase the
number of areas available (from 208 to 688) for subsequent analyses for LSS and RTL
in the RI (see Table 3.2); only RTL and the combined LSS classifications included
enough data points from which this relationship could be defined (Figure 3.2). This
was done successfully, and scaling exponents derived for the RI were comparable to
198 CHAPTER 7. DISCUSSION
that of (Larsen et al., 2010, Figure 3.3). The analysis of the power-law distribution
(based on the three-parameter inverse-gamma distribution Malamud et al., 2004a,
Equations 3.2, 3.3 and 3.4) showed that the post-1974 portion of the RI (as defined
by the ultimate break year from the segmented model analysis; Tables 2.7 and 2.8)
was 13.29% complete, whilst reducing the ultimate break year to 1970 resulted in a
slight improvement in the completeness to 13.66% complete. Despite discrepancies
in the recorded in landslides over time (as discussed in Chapter 2), the post-1970
portion of the RI best fits the theoretical frequency distribution (Figure 3.6) and is
arguably representative of the region, whilst slightly over-representing the frequency
of large landslides.
The results presented in Chapters 2 and 3 show the unification of the RI as being
successful for the post-1970 portion of the data, firstly from the use of segmented
models (Figures 2.6 and 2.7 and Tables 2.7 and 2.8) and secondly through the
evidence from the power-law distributions (Figures 3.4, 3.5 and 3.6). This shows that
it is possible to improve records by collating and analysing existing datasets, which
can be greatly facilitated through interdisciplinary and international collaboration.
These preliminary analyses of this newly collated database for the European Alps
(the RI) demonstrate the potential information which can be drawn from a variety of
sources; however collating datasets from a variety of sources entails its own inherent
uncertainties. Uncertainties lie in differences between methods used to collect source
databases: for example the WSL database only records a landslide when there is
damage to property or when an insurance claim is made, thus potentially omitting a
portion of landslides in the region which did not affect property or infrastructure; the
Abele database records only large landslides; while the Barcelonette database (part
of the Safeland Project) is more subjective, including all recorded landslides, albeit
over a small area of the Barcelonette basin (see Figure 2.5). In collating the RI, it is
hoped that these differences are mitigated firstly through the aligning of the different
landslide classifications (Section 2.2.3 and 2.3.3), secondly through investigations
into the temporal distribution of the RI (Sections 2.2.4 and 2.3.4), thirdly through
the area-volume scaling relationship (Sections 3.2.1 and 3.3.1), finally through the
estimates of completeness (Sections 3.2.2 and 3.3.2).
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The RI is by no means exhaustive, highlighting the need for continued collabo-
ration between researchers and agencies across the European Alps. With increased
input and research into these collations, a greater understanding of the observed spa-
tial and temporal patterns of landsliding can be gained. Several workers (Patzelt,
1987; Raetzo-Bru¨lhart, 1997; Dapples et al., 2003; Soldati et al., 2004; Prager et al.,
2007) have suggested climate change as a determinant of the occurrence of land-
slide clusters. Therefore, greater emphasis on extending landslide inventories back
through time and improving historical datasets in the European Alps is important
for attributing changes in landslide frequency and size to changes in the climate of
the region. Historical databases can offer insights into understanding changes in
landslide size and spatial distribution through time (e.g. Glade, 2001), facilitating
future research and predictions in regions such as the Alps for the insurance market
and for policy makers.
7.2 Topographic and geologic controls (Level 3)
One of the primary aims of this research was to collate a landslide inventory for
the European Alps in order to ascertain whether climate over the late 20th century
has affected the frequency and size of landslide in the European Alps. Studies have
shown that geology, lithology and topography are intrinsically linked to landslide size
and occurrence (e.g. Van Asch & Sukmantalya, 1993; Guzzetti et al., 1996; Van Asch
et al., 1996; Terlien, 1998; Dai et al., 2002; Santacana et al., 2003; Ayalew et al., 2004;
Ayalew & Yamagishi, 2005; Fourniadis et al., 2007; Grelle et al., 2011). Chapter 4
therefore addresses this by looking at the spatial distribution of the collated RI over
the topographically and geologically diverse European Alps.
There is a bias towards landslides being recorded predominantly in the Swiss
and French Alps (Figure 2.4). As discussed in Section 4.2.1, the Nomenclature of
Terrestrial Units for Statistics (NUTS2010) were used to define the region covered
by the RI; thus introducing statistical bias due to the Modifiable Areal Unit Problem
(MAUP). Given that the spatial distribution of landslides in the RI is comparatively
sparse in the Austrian Alps, the NUTS2010 regions (which were selected based on
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the presence of at least one landslide) overestimate the topography of the region due
to the lower number of landslide data points per unit area compared with the French
and Swiss Alps; thus biasing the comparison with the region to the distribution of
topographic metrics associated with landsliding. This bias can only be overcome
through the use of additional data for the Austrian Alps, or through modifying the
selection of the NUTS2010 aerial units based on a minimum threshold for recorded
landslide density.
The analysis showed that landslides recorded in the RI are affected by variation
in elevation, aspect and slope gradient. Landslides are recorded more frequently on
south-facing slopes (Figures 4.11 and 4.12). This could be as a result of temperature
gradients, which are more pronounced on south-facing slopes, or a signal of large-
scale geological structure, or due to factors relating to orographic precipitation in
the case of shallow landslides (e.g. Mazzoccola & Hudson, 1996; Santacana et al.,
2003; Naoum & Tsanis, 2004).
Settlements in the European Alps (with populations >1000 people) are dis-
tributed across lower elevations (Figure 4.14), with the majority of landslides in the
RI (∼90%) being recorded within 10 km of a settlement, while ∼30% are recorded
within 5 km and only ∼11% recorded within 1 km. As the WSL database repre-
sents landslides which are recorded as a direct consequence of an insurance claim,
these results are not surprising, with the WSL database making up a significant
proportion of the total RI (Table 2.2).
A positive (weak, slope = 0.001) correlation was found between elevation and
landslide size (Figure 4.13), however as elevation is a proxy for temperature, it may
be that in and of itself, elevation has little effect, while temperature gradients may
play a greater role in landslide initiation and size in the region (e.g. Mazzoccola &
Hudson, 1996). The distribution of glaciers across the European Alps is also strongly
controlled by elevation and aspect (Evans, 1977; Evans & Cox, 2005; Evans, 2006).
0.5% (n=41) of recorded landslides in the RI occur within 1 km of an existing glacier
(Appendix one, Figure 16), with a further 10% recorded within 5 km, and 20% within
10 km of existing glaciers in the European Alps (Appendix one, Figure 16). It is
therefore possible that larger landslides, which are recorded at higher elevations,
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may have been triggered as a direct response to the extensive glacial recession in the
area over the 20th Century, and particularly since the 1980s (Hoelzle et al., 2003;
Huss et al., 2010; Paul et al., 2011); possibly accounting for the positive relationship
between landslide size and elevation.
In line with other studies, most landslides recorded in the RI occur on slopes
between ∼15-30◦. In the RI, landslides are typically recorded on steeper slopes
than across regional averages, with flow and complex landslides occurring on much
shallower slopes. Slope gradient is also positively correlated with elevation (see Ap-
pendix one, Figure 18). The positive correlation between landslide size and elevation
may therefore result from increased slope angle which is linked with glacial recession
and permafrost degradation in the European Alps, resulting in larger landslides be-
ing recorded in these locations. The majority of slopes across the European Alps are
concave (for both plan and profile curvature, covering 80% of the region; Table 4.4).
χ˜2 tests showed that despite this dominance, landslides in the RI are preferentially
distributed on convex slopes (additionally verified with the use of KS tests). While
concave slopes are said to be more prone to landsliding, a study by Ayalew et al.
(2004) found no difference in landslide densities between concave and convex profile
curvatures.
For lithology and geology, most landslides in the RI are recorded on sedimentary
rocks, which dominate the region (Figures 4.1, 4.3, 4.16 and 4.6). The largest
LSS are recorded on igneous rocks across the region, with there being little to
distinguish between the other broad classifications (Figure 4.18). While the influence
of dip and strike, rock hardness and faulting cannot be overlooked, these metrics
are difficult to quantify at a scale covering the whole of the European Alps. While
they indicate the prevalence of a slope to fail in a particular way these metrics
are independent of a specific trigger. Over time specifically over the time period
spanning the complete portion of the RI, dip and strike will not have changed, and
so is of less of consequence when examining trends in landslides and triggers. Of
greater import is rock strength, and the presence of cracks and faults in the rock,
both of which are independent of dip and strike, and can be affected over much
shorter timescales. Due to the nature of the RI, these metrics are not quantifiable,
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however south facing slopes are intrinsically linked to higher landslide numbers, and
in turn to temperature gradients and areas which exhibit pronounced permafrost
melt; these myriad influences could exaggerate a degradation in rock strength.
7.3 Synoptic weather and landslides in the Euro-
pean Alps
Chapter 5 saw the first analysis with the newly compiled RI and a database of
synoptic weather types. Brier Skill Score (BSS) were effectively used to select an
appropriate classification from a catalogue of 5,076 different classifications; with the
analysis selecting a classification centred over the European Alps; D06, Figure 5.1.
Monte Carlo Permutation (MCP) tests were used to determine whether there was
a relationship between synoptic weather types and the incidence of landsliding; this
relationship was demonstrated for LSS in the RI. These analyses highlighted that
a number of weather types were associated with both higher (Figure 5.2) and lower
(Figure 5.3) than expected landslide frequencies in the region. Weather types with
patterns of high precipitation across the European Alps were consistent with higher
numbers of recorded landslides across all seasons.
Precipitation patterns are hard to predict at the small-scale, particularly when
considering future predictions under a changing climate, with precipitation (particu-
larly extreme events) being poorly well constrained in climate models (e.g. Beniston
et al., 2007; Kjellstro¨m et al., 2011; Gobiet et al., 2014). The use of synoptic weather
types therefore presents an alternative approach to challenges posed with respect to
future climate change predictions, as well as the potential for weather typing being
used as a predictive tool for landslide events under different future climate scenarios
(e.g. Santos et al., 2016). Over the duration of the COST733 catalogue, the number
of days associated with different weather types has fluctuated over time and this
has the potential to change in the future with the changing climate (e.g. Conway
& Jones, 1998; Santos et al., 2016). Landslides have been shown to occur under
all weather types, but are more likely under some weather types, with this varying
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seasonally.
While Chapter 5 showed that recent trends in summer landslides are well matched
with trends in weather types associated with higher landslide numbers, there is a
mismatch for winter weather types and winter landslides; this could be due to snow
cover acting as a stabilising factor, or due to topographic of geologic effects. Future
avenues of research additionally need to investigate these inconsistencies, and the
role of large-scale climatic systems, such as the North Atlantic Oscillation and the
East Atlantic West Russia Index (Bartolini et al., 2009, see Appendix one, Figure
25), and issues relating to antecedent affects with regard to synoptic weather types.
Given that geologic and topographic controls have been shown to affect landslide
occurrence and size (Chapter 4), these too need to be factored into subsequent
analyses.
7.4 Climate and landslides in the European Alps
The Greater Alpine Region (GAR) has seen a significant warming across the 20th
and 21st Centuries, being most pronounced in the Western Alps (covering the French
and Swiss Alps) from 1970 onwards (where most of the landslides in the RI are
recorded; Figure 6.4). This warming trend across the region has been matched with
a decrease in the interannual temperature variability between the pre- and post-1970
periods (consistent with modelled scenarios, e.g. Boer, 2009, see also Figure 6.6).
While the amplitude of variability has changed, the spatial pattern remains largely
consistent, with continental regions and higher elevations experiencing the highest
variability (Figure 6.6). There was a positive precipitation trend in the European
Alps in the early 20th Century, with this pattern changing direction after 1970 to a
negative trend (Figure 6.4). This was also matched with a decrease in interannual
variability towards the end of the 20th Century (Figure 6.7). Seasonal precipitation
variability is higher in the European Alps than across the GAR while the converse
is true for temperature. Seasonal temperature variability is strongly correlated with
elevation, with little change between the early and late 20th Century in terms of
amplitude and spatial distribution (Figures 6.8 and 6.9), suggesting that lapse rates
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are a dominant control.
The changes in temperature and precipitation for the post-1970 period were in-
vestigated in terms of LSS . LSS are more frequently recorded where there has been
a negative precipitation trend, however this is consistent with the largely negative
trend throughout the late 20th Century (Figure 6.3). While there has been a late
20th Century decrease in interannual precipitation variability across the European
Alps, LSS are still consistently recorded where interannual variability remains at
levels comparable with the early 20th Century (Figure 6.8). The negative precip-
itation trend and lower interannual variability possibly translates as more intense
storms across the region; a consequence of the warming trend across the region
(Christensen & Christensen, 2004; Frei et al., 2006; Gobiet et al., 2014).
At a regional scale, MAAT and mean annual precipitation totals are good pre-
dictors of landslide frequency (Figure 6.11); accounting for ∼17% of the variation in
landslide frequency annually (Table 6.4). Model results replicate the pattern in LSS
frequency for annually resolved data (Figure 6.11). There was also good consistency
between model outputs and LSS frequency during the spring and autumn, however
the amplitude was much more attenuated in the model outputs (Figure 6.11). Sea-
sonally, spring and autumn months provide the best models, with temperature and
precipitation accounting for ∼35% of the variation in landslide frequency (Figure
6.11 and Table 6.4). The introduction of COST733 synoptic weather types in the
models has little effect for summer and winter, but increases the R2 value for autumn
months (Tables 6.5).
Antecedent conditions (lags) between landslide occurrence and climate triggers
were considered through the use of cross-correlation. Precipitation in the month
of landslide occurrence is the most important influence (Figure 6.12). Seasonally,
spring and autumn landslides show a significant relationship between precipitation
in the preceding months/season (Figure 6.13). Other studies have shown that spring
landslides are influenced by increased winter precipitation and warmer temperatures
(Saez et al., 2013a); while increased precipitation in the months before are evident
here (Figure 6.13), the relationship with temperature is not. Overall, the cross-
correlation analysis highlighted a complex pattern of precipitation and temperature
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for seasonal landslides, while the overarching effect on landslide frequencies was
anomalously high precipitation in the month of landslide occurrence.
GLMs were used to understand whether changes in precipitation and tempera-
ture had an influence on landslide size. Variable selection for the GLMs, through the
use of AICc values, highlighted the importance of this process. When temperature
and precipitation metrics were investigated over different time periods (ranging from
30-years to one year), seasonal temperature (over a 30-year period) had a (weak)
negative effect on landslide size (Model G, Table 6.6). Seasonal temperature vari-
ability, however, was shown to be correlated with elevation and so it is not clear
from these analyses which is the driver of the variation in landslide size.
Controls for topography and geology in the GLMs (Model H, Table 6.6) high-
lighted that elevation is the most significant influence on landslide size. Analyses
in Chapter 4 showed that larger landslides are recorded at higher elevations, ac-
counting for this significant relationship shown in the model runs, which dominates
all other signals. Seasonal temperature is also shown to be significant in Model H
(Table 6.6), with lower variability (which decreases with altitude, Figure 6.10) being
associated with larger landslides.
Increases in temperature over the latter part of the 20th century have resulted in
permafrost degradation and glacial retreat in the European Alps (Dramis et al., 1995;
Haeberli & Ho¨lzle, 1995; Haeberli & Beniston, 1998; Gruber et al., 2004a; Gruber
& Haeberli, 2007; Haeberli et al., 2007; Salzmann et al., 2007; Cossart et al., 2008;
Harris et al., 2009). Soldati et al. (2004) found that rockfalls are more frequently
associated with glacial retreat, whilst RTL and LSS are associated with hydrological
and groundwater changes. For landslides in the RI, rock movements (c.f. Table
2.4) are recorded more frequently at higher elevations (see Figure 4.14 and Section
4.3.1), and at closer proximity to glaciers (1% of rock landslides are recorded within
1km of an existing glacier compared with 0.5% of LSS ). Other studies have found
that glacial retreat is linked with increased landsliding in the European Alps (e.g.
Hoelzle et al., 2003; Huss et al., 2010; Paul et al., 2011), and the higher proportion of
rock landslides occurring within 1km of a glacier for the RI provides circumstantial
evidence for the influence of glacial retreat on landslide occurrence; however this
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line of enquiry needs to be further explored.
The analyses presented in Chapter 6 highlight a complex relationship between
climate triggers and landsliding in the European Alps. Temperature and precipita-
tion at a regional scale provide the best predictors of landslide frequency (Figure
6.11). The effects of topography and geology are important, and will account for
a degree of the unexplained variation in both landslide size and frequency. Future
research therefore should look to expand these analyses by subdividing landslides by
topographic and geologic metrics in order to further investigate links between the
climate and landsliding in the European Alps.
7.5 Insurance and reinsurance
Research into the effects of landsliding, debris flows and rockfalls has shown that
these can incur significant financial costs (e.g. Lloyds’ of London, 2006; Hilker et al.,
2009; Haque et al., 2016). Furthermore, it has been suggested that future climate
change will increase landslide risk (Borgatti & Soldati, 2010; Crozier, 2010; Keiler
et al., 2010). In order to prepare for the implications of this increased risk under a
changing climate, it is imperative that the insurance industry and underwriters keep
up to date with current scientific research. Lloyds’ of London (2015b) state that
using past claims data to understand future risk is not helpful in catastrophe mod-
elling due to the nature of landslide hazards being low frequency, high consequence
events. For these reasons, and due to the spatially dispersed nature of landslides,
previous landslide activity is not necessarily a good indicator of future risk; further-
more, claims data only represents landslides responsible for a financial loss, and do
not represent landslide activity in areas with no human population or infrastruc-
ture. Historical patterns of landsliding may also not reflect changes under a future
warming climate, where extreme weather events may become more frequent or in-
tense (Lloyds’ of London, 2006). For these reasons past claims data cannot be used
to directly predict the spatial pattern or temporal frequency of hazards however,
such inventories (such as the RI) may be used to infer the environmental conditions
under which landslides are triggered. While a significant portion of the RI is made
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up from an insurance database (the WSL database covering Switzerland), the data
are being used in this thesis to understand climatic and weather controls which
result in landslide initiation, as opposed to considering and investigating landslide
susceptibility.
Published reports from the insurance industry (such as that of the Lloyds’ of
London, 2006, 360 Risk Project) show that the industry is becoming increasingly
aware that climate change is affecting the nature of risk in relation to natural hazards
(e.g. Mills, nd; Prudential Regulation Authority, 2015; Toumi & Restell, 2015). For
example, the Lloyds’ of London (2015a) City Risk Index (2015-2025) takes a ten-
year view of risks posed to major cities, globally. Out of the 18 risks identified,
eight pertain to natural hazards (wind, earthquake, flood, drought, volcano, freeze,
heatwave and tsunami), of which five are expected to be directly affected by climate
change (Lloyds’ of London, 2015a). Four of the cities investigated in the report are
located in the European Alps region (Nice, Geneva, Bern and Zurich). For these
cities there is an expected 16-18% loss in Gross Domestic Product (GDP) between
2015 and 2025 due to flooding (based on the likelihood of events occurring during the
period 2015-2025 and the resulting loss in GDP Lloyds’ of London, 2015a). While
landsliding is not included in this global analysis of risks to cities, in mountain
regions landslides have significant associated costs; in Switzerland between 1972
and 2007, a cost of e875 million was attributed to landslides, debris flows and
rockfall, and resulted in 64 deaths (Hilker et al., 2009), while more recent studies
have estimated a loss of e4.7 billion annually across Europe, and a total of 1,370
deaths between 1995 and 2014 (Haque et al., 2016). In addition to the changing
nature of risk associated with climate change, exposure to landslide hazards has also
risen throughout the 20th Century through population increase in the region (e.g.
Lloyds’ of London, 2006). In the European Alps there has been a 172% increase in
population between 1870 and 1990 (Ba¨tzing et al., 1996).
This research has several outcomes of direct relevance to the insurance industry.
Firstly, it demonstrates that synoptic weather types are highly correlated with land-
slide frequencies in the European Alps (Chapter 5 Wood et al., 2016). Throughout
the year, synoptic weather types associated with high precipitation across the Eu-
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ropean Alps are correlated with higher than expected landslide frequencies (Wood
et al., 2016). During the summer months, this pattern is different, with weather sys-
tems associated with convective storms and high intensity rainfall being correlated
with higher than expected landslide frequencies (Wood et al., 2016). For the period
1970-2002, there was a decrease in two weather types associated with lower than
expected landslide frequencies during the autumn and spring (Figure 5.4), matched
with a corresponding increase in landslide frequency during these months (see Ap-
pendix four, Supplementary Material, Figure S5; Wood et al., 2016). Changes in
the climate over the 20th Century have modified the proportion of synoptic weather
types (Paredes et al., 2006; Boe´ & Terray, 2008), and it is likely that this will con-
tinue under a future warming climate (Saez et al., 2013a). Research presented in
Chapter 5 shows that future changes in the proportion of synoptic weather types
will likely be reflected in landslide frequencies across the European Alps.
Secondly, regional landslide frequency can be predicted well by annual and sea-
sonal temperature and precipitation (Figure 6.11). In particular, annual, spring
and autumn landslide frequencies are significantly correlated with seasonal regional
precipitation (Table 6.4). Winter and summer landslide frequencies are less well
predicted by seasonal or annual means (Table 6.4); this is likely because in sum-
mer high-intensity rainfall events associated with convective storms are key triggers
(as demonstrated in Chapter 5; Wood et al., 2016), which are not well represented
by seasonal means; in winter, a direct relationship with precipitation is potentially
masked by snow accumulation and melt.
In recent decades there has been a warming trend across the European Alps,
with a shift in precipitation patterns (Figure 6.4). Overall, there has been a de-
cline in precipitation across the European Alps, but an increase in the intensity of
precipitation during the autumn and winter (e.g. Schmidli & Frei, 2005); however
the direct effect of declining precipitation on landsliding activity in the future is
likely to be complicated by increasing frequency of high-intensity rainfall events and
effects of rising temperatures on snow melt during the winter. Precipitation projec-
tions for the period up to 2150 indicate that across the European Alps precipitation
trends will be declining during the summer months and increasing during the winter
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(Maraun, 2013; Beniston et al., 2007; Rajczak et al., 2013). The decline in sum-
mer precipitation is also possibly matched with a reduction in the frequency and
intensity of storms across the European Alps (Rajczak et al., 2013). More recently,
researchers have found that precipitation, associated with increased convective rain-
fall, will likely increase at high elevations in the European Alps (Giorgi et al., 2016).
If, as projections indicate, precipitation trend and intensity continues to increase in
the region in the future, the results from this study indicate that landslide activity
will increase, particularly during the summer months.
7.6 Limitations and future research
Although the RI has been shown to be complete for the post-1970 portion (as dis-
cussed in Section 7.1), the estimated portion omitted from the inventory for the
European Alps is ∼86% (Table 3.3); in part due to only ∼10% of landslides in the
RI having area data (Section 3.3.1 and Table 3.2). Landslides are extreme events,
and the temporal range of the RI is relatively short for the complete post-1970 por-
tion. As such, this inhibits the investigation of links between landslide frequency
and changes in the climate due to this relatively short record. These limitations
serve to obscure a climate signal for the RI. Future research will therefore look
to develop the temporal and spatial extent of the established RI, to fully include
and interrogate a range of different sources. The first area to be investigated will
be those sources omitted from this initial investigation due to the time-intensive
nature of data collection; namely landslides derived from academic literature and
those derived/obtained from the Geologische Bundesanstalt (GB) inventory.
Elevation is consistently the most significant variable in Generalised Linear Mod-
els (GLM) runs which look at the relationship between landslide size, topography,
geology and climate (Table 6.7 and Appendix two, Table 11). At this stage of the
analyses it is not possible to ascertain whether this is driving landslides, or whether
it is acting as a proxy for temperature (which varies with elevation seasonally and
from year to year, see Section 6.3.1) or slope gradient (which increases with alti-
tude). Future investigations with the RI will look to additionally partition the data
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by elevation to discern the influence of elevation variation over landslide size and
occurrence and to further investigate causal relationships.
The analyses presented in Chapter 5 highlight that landslide events are closely
correlated with synoptic weather patterns. Given that predictions of synoptic weather
patterns are more reliable than predictions of rainfall distribution derived from
Global Climate Model (GCM) outputs, it is possible that future synoptic weather
patterns could be used as predictors of future landslide occurrence; providing an-
other avenue of future research.
The research presented in this thesis firstly established a new landslide inventory
for the European Alps. The completeness was assessed, and the influence of topog-
raphy, geology, synoptic weather types and climate on both the size and frequency of
landsliding was investigated. The applicability of this study to other sites across the
world is limited as the European Alps present a specific climatology, acting as a bar-
rier between the Mediterranean, Atlantic and continental climate systems (Beniston,
2005) however, could be applied where similar climatological (see Chapter 6) and
synoptic weather datasets (see Chapter 5) exist. The methods employed in Chapter
2 relating to the collation of the Regional Landslide Inventory (RI) and the analysis
of the temporal distribution of landslides is applicable for other landslide invento-
ries in order to understand the completeness through time of such datasets. The
analyses presented in Chapter 3 relating to the scaling relationships between area
and volume of landslides is also applicable in other regions (as discussed in Larsen
et al., 2010). The frequency magnitude statistics (discussed in e.g. Malamud et al.,
2004a) have been shown to be applicable for global inventories, and provide a useful
tool for assessing the completeness of regional landslide inventories (as discussed in
Chapter 3; Wood et al., 2015).
Chapter 8
Conclusions
The European Alps have exhibited a strong warming trend over the 20th Century,
with a pronounced warming from the ∼1970s onwards (Figure 6.5). This 20th Cen-
tury warming has resulted in widespread glacier recession and permafrost degrada-
tion across the European Alps (Haeberli & Ho¨lzle, 1995; Haeberli & Beniston, 1998;
Haeberli et al., 1999; Zemp et al., 2006; Harris et al., 2009; Haeberli & Beniston,
1998; Haeberli et al., 2016). This is turn has resulted in the debutressing of slopes
and destabilisation of exposed rock walls resulting in increases in the occurrence
of rockfalls and landslides in the region (Dramis et al., 1995; Gruber et al., 2004a;
Cossart et al., 2008).
The effects of precipitation as a landslide trigger also have a well-documented
literature (e.g. Anderson & Sitar, 1995; Borga et al., 2002; Trigo et al., 2005; Zeˆzere
et al., 2005; Brunetti et al., 2010; Stoffel et al., 2011; Berti et al., 2012; Peruccacci
et al., 2012; Segoni et al., 2014; Gariano et al., 2015; Gariano & Guzzetti, 2016).
Models have suggested that the projected temperature rise in the European Alps
will manifest as changes in the intensity and duration of heavy precipitation events
and storms (Beniston et al., 2007; Boer, 2009; Christidis et al., 2015; Fischer &
Knutti, 2015; Farinotti et al., 2016; Giorgi et al., 2016; Kellermann et al., 2016);
which have been shown to be linked with increased landslide frequencies (Keiler
et al., 2010; Haeberli et al., 2016; Papathoma-Ko¨hle et al., 2016; Wood et al., 2016).
With a population density of 60 inhabitants km−1 (Figures 1.1 and 1.2 CIPRA,
nd), the European Alps are one of the most densely populated mountain regions,
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globally. Significant population increases over the 20th Century (e.g. Ba¨tzing et al.,
1996) necessitate an understanding of how future climate projections translate to
risks from natural hazards in the region (e.g. Glade et al., 2005; Keiler et al., 2010;
Haque et al., 2016; Papathoma-Ko¨hle et al., 2016).
The Regional Landslide Inventory (RI) was created in order to assess relation-
ships between landslide occurrence in the European Alps, and changes in the weather
and climate. Created from a number of different databases from academic sources,
national online databases and research institutes, the RI includes 7,919 landslides
across the European Alps (covering predominantly the Swiss and French portion;
Figure 2.5). The RI comprises nine different classifications of landslide (after Varnes,
1978), and is maintained in a usable format for use in climate impacts research for
landslides across the European Alps. The RI is considered complete, for the pe-
riod 1970 to 2010, based on linear segmented models applied to annual landslide
frequency data (Chapter 2), and the established power-law relationship between
landslide area and frequency (Chapter 3). Topography and lithology are highly var-
ied across the European Alps, with sedimentary rocks dominating the landscape.
The largest landslides are recorded on igneous rocks, with little differentiation be-
tween the mean sizes for landslides occurring on metamorphic or sedimentary rocks,
or those on the superficial sediments across the European Alps (Figure 4.18). While
valleys across the European Alps follow an east-west orientation, the majority of
landslides are preferentially located on south-facing slopes (Figures 4.11 and 4.12).
Alongside the changes in the temperature over the 20th Century, the results from
the analysis of climate data (presented in Chapter 6 of this thesis) have identified
a shift in the distribution of precipitation (particularly for the trend) across the
European Alps (Figures 6.4, 6.7 and 6.9). While an overall negative precipitation
trend was found for the western Alps over the late-20th Century (Figure 6.4), results
from the analyses presented here show that landslides are still frequently recorded
where the trend is decreasing (Figure 6.3). Results also show that precipitation
trends are of less importance to the incidence of landsliding in the region than
precipitation variability (e.g. Model viii, Table 6.7); which is predicted to increase
over the coming decades (Giorgi et al., 2016).
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Results from the analysis presented in Chapter 5 show that across all seasons,
synoptic weather types which present a positive precipitation anomaly over the Eu-
ropean Alps are associated with higher than expected landslide frequencies (Wood
et al., 2016). The analyses presented here also show that the proportion of synoptic
weather types have changed through time (Wood et al., 2016); synoptic weather
types associated with low landslide frequencies have reduced since the 1970s. Fu-
ture climate projections suggest that intense, heavy precipitation storms will become
more frequent in the future (Giorgi et al., 2016; Santos et al., 2016), which may fur-
ther modify the proportion of synoptic weather types across the European Alps. The
predicted increases in intense storms over the European Alps will likely translate to
increased landslide activity in the future based on the analyses presented here. While
results showed that the synoptic weather type on the day of landslide is important
(Wood et al., 2016), future avenues of research should investigate the persistence of
weather types over multiple days to see if this provides a more substantive picture
of landsliding across the European Alps, and improved correlations with landslide
frequency. Geology and topography have also been shown as important influences
on the location and timing of landslides (e.g. Pearce & O’Loughlin, 1985; Guzzetti
et al., 1996; Dai et al., 2002; Ayalew et al., 2004; Ayalew & Yamagishi, 2005, and
results presented in Chapter 4), and so considering differences in these with respect
to synoptic weather patterns also present interesting future avenues of research.
Results presented in Chapter 6 show that at a regional scale, changes in precip-
itation (and to a lesser extent, temperature) provide a good prediction of landslide
frequencies across the European Alps (R2=0.17, p-value=0.01, Table 6.4 and Fig-
ure 6.11); with linear models (presented in Chapter 6) predicting the pattern of
landslide frequencies, while the amplitude of landslide frequencies are much more
attenuated. When landslides are subdivided seasonally, the models are further im-
proved for landslides occurring during the spring and autumn months (R2 ≈ 0.35,
p-value<0.01, Table 6.4 and Figure 6.11). Analysis of the RI showed that on an an-
nual timescales more landslides occur in years with a) high rainfall and b) warmer
temperatures (Table 6.4). Lags between landslide and trigger are less important over
short timescales (months), with precipitation in the month of landslide occurrence
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being the most significant influence (p<0.05, Figures 6.12, 6.13 and 6.14).
Generalised Linear Models (GLM) results show that elevation has a control on
landslide size distributions (R2=0.13, p<0.05); however it is unclear from the anal-
yses presented here whether this is a result of elevation acting as a proxy for slope
gradient (Appendix one, Figure 18) or temperature variation (Figure 6.10). Anal-
yses presented in Chapter 6 showed correlations existing between temperature and
elevation (Figure 6.10); a divergent relationship is observed between temperature
trends and elevation whereby both a positive and negative relationship are present;
a threshold is present for interannual variability over 1000m, whereby there is a
great deal of scatter below 1000m, and a positive relationship above this threshold.
Future analyses should therefore seek to investigate this relationship more closely.
This can be done though the partitioning of landslides in the RI by elevation class,
aspect and lithology.
Other results from the GLMs presented in Chapter 6, suggest that areas with
a negative precipitation trend and lower interannual precipitation variability tend
to experience larger landslides (Table 6.7); however these analyses were based on
monthly precipitation totals and so miss out smaller storm events which have been
shown to be important for landslide occurrence (Wood et al., 2016). It is not possible
to determine from the analyses presented here whether longer-term changes in the
climate provide antecedent conditions under which landsliding is becoming more/-
less frequent; as only evidence for short-term perturbations (from synoptic weather
patterns on the day of landslide occurrence, up to regional annual) have been shown
as significant. Trends in precipitation have been shown (in some models, Tables
6.6 and 6.7) to affect landslide size, although these longer-term trends are probably
associated with changes in the frequency of intense storm events rather than directly
affecting landslide occurrence; more data is needed to establish if these relationships
are significant. Extrapolating the results presented here to future climate change,
there is good evidence that landslide activity is likely to increase if: a) Synoptic
weather types associated with increased landsliding become more frequent and b)
The observed warming trend continues and is associated with an increase in the
intensity of storms across the European Alps (e.g. Giorgi et al., 2016).
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Figure 1: European landslide hazard map indicating areas where there is a high landslide risk
(taken from http://preventionweb.net/go/3829).
253
(a)
(b)
Figure 2: Screen shots of the WSL database.
254 APPENDIX 1
(a) Columns A-J of the Barcelonette database. Including date, location and type of landslide.
(b) Columns K-O of the Barcelonette database. Including comments and potential trigger mecha-
nisms.
(c) Columns P-U of the Barcelonette database. Including information about damage caused and
information abobut the archive.
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(d) Columns V-AA of the Barcelonette database. Including information pertaining to the archive.
(e) Columns AB-AD of the Barcelonette database. Including information about the author and
archive.
Figure 3: Screen shots of the Barcelonette inventory (part of the Safeland Project).
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Figure 4: Screen-shot of the RTM database.
257
(a) Front cover of the Abele dataset.
258 APPENDIX 1
(b) Legend of the Abele dataset which describes the notations used throughout.
259
(c) An example of a typical page from the dataset. The document totals 30 pages.
Figure 5: The Abele database (scanned document).
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(a) Showing the BRGM website where data are firstly selected by location using the map or the
drop-down menus; De´partements and Communes. They type of movement can also be selected;
Type de mouvements.
(b) Following the selection of the region (De´partements) the selection is validated and the different
communes are displayed along with the number of mass movements recorded in the BRGM database
(Nombre de mouvements).
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(c) The commune can be selected to reveal the details of each mass movement recorded.
(d) Finally, when each landslide is selected, full details included in the BRGM dataset
are revealed. These include (where available) the date and precision of this, location, size
and type of mass movement.
Figure 6: Screen shots of the online BRGM database (from http://www.bdmvt.net/).
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(a) Showing the map-based GUI of the GB.
(b) An example of a typical pop-up which appears when a mass movement is selected. The infor-
mation contained is highly variable and mostly includes linkes to websites and articles.
Figure 7: Screen shots of the GB database (from http://geomap.geolba.ac.at/MASS/index.
cfm).
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(a) Showing the location of selected landslides in Google Earth. A pin was used to document
location.
(b) A close up view of the location of Schsatobel and Schliefwaldtobel landslides.
Figure 8: Screen shots showing the identification of landslides in the GB database with the use of
Google Earth as a mapping tool.
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(a) Showing the location of the Charmone´tier
landslide as provided in Couture et al. (1997,
p.103, Figure 1).
(b) Charmone´tier landslide from Couture et al.
(1997, p.104, Figure 2).
(c) Charmone´tier landslide in
Google Earth highlighted by the
polygon.
Figure 9: Showing the comparison between the details provided in the literature (eg. Couture
et al., 1997) with the determination of location using Google Earth. Much of the time in academic
papers this level of location detail (ie. latitude and longitude) was not provided and so Google
Earth provided an important tool.
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(a) BRGM Glissement de terrain - RTL in the RI.
(b) BRGM Eboulement - Rock in the RI
(c) BRGM Coule´e de
boue - Flow in the RI.
(d) BRGM Effondrement - Complex in the RI.
Figure 10: The images provided by the BRGM to illustrate the definition of terms
used in the BRGM database (available online from http://www.georisques.gouv.fr/
mouvements-de-terrain.)
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(a) The temporal record of the RI and BRGM for all classes of landslide, RTL and
LSS at annual resolution.
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(b) The temporal record of the RI and BRGM for landslide classes Rock,
Slide, Flow and Complex at annual resolution.
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Barcelonette
annual data
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(c) The temporal record of the Barcelonette and WSL databases for all landslide
classes and RTL at annual resolution.
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(d) The temporal record of the Barcelonette and WSL databases for landslide classes
Rock, Flow and Complex at annual resolution.
Figure 11: This shows the temporal distribution of landslides recorded in the RI, BRGM,
Barcelonette and WSL databases for all classes of landslide using the database defined classifi-
cations (mvmt).
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RI annual data
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(a) The temporal record of the RI and WSL for all classes of landslide, RTL and LSS
at annual resolution.
271
RI annual Rock
F
r e
q
u
e n
c y
1850 1900 1950 2000
0
4 0
8 0
WSL annual Rock
1970 1990 2010
0
4
8
1 2
RI annual Slide
F
r e
q
u
e n
c y
1850 1900 1950 2000
0
4 0
8 0
WSL annual Slide
1970 1990 2010
0
2
4
6
RI annual Flow
F
r e
q
u
e n
c y
1850 1900 1950 2000
0
5
1 5
WSL annual Flow
1970 1990 2010
0
2
4
6
8
RI annual Complex
Year
F
r e
q
u
e n
c y
1850 1900 1950 2000
0
5
1 5
WSL annual Complex
Year
1970 1990 2010
0
1
2
3
(b) The temporal record of the RI and WSL for landslide classes Rock,
Slide, Flow and Complex at annual resolution.
Figure 12: This shows the temporal distribution of landslides recorded in the RI and WSL post
reclassification (to mvmt2).
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Figure 13: Area frequency distribution for LSS (post-1974) separated by the RI, BRGM and
WSL datasets. Also included is the area frequency distribution for RTL (post-1973) for the same
datasets. LSS and RTL are calculated from the two different scaling relationships (postar cd156
and postar cd1 respectively; c.f. Section 3.2.1).
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Figure 14: Correlation between elevation data derived from 90m SRTM and 30m ASTER datasets.
Pearson correlation coefficient (0.999) shows that the relationship is statistically significant.
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Figure 15: Showing the lithological units used by One Geology Portal. These classification were
added to the RI. Extra information was also added to the .dbf file in order to assign the broad
classifications (igneous, metamorphic, sedimentary and sediment) to the .shp files.
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Figure 16: 10km, 5km and 1km buffers were set around glaciers in the European Alps. 1,536 (20%)
landslides are recorded within 10km of a glacier, 761 (10%) within 5km, and 41 (0.5%) within 1km.
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Figure 17: Proximity of landslides in the RI to urban settlements across the European Alps (with
populations >1000). Red points indicate the 11% which are recorded within 1km of a settlement;
yellow points the 67% which lie within 5km; and green points the 90% within 10km of a settle-
ment, while small dark green point indicate landslides outside of these buffers. Data are from the
GeoNames database (http://www.geonames.org/).
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Figure 18: A positive correlation (slope = 5.503e-03, p-value<0.01) exists between elevation and
slope gradient, whereby steeper slopes occur at higher elevations across the European Alps. Results
are based on landslide location.
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Figure 19: The geology of the French portion of the RI as defined by the BRGM dataset available
through the One Geology Portal (c.f. Figure 4.2). The horizontal bar represents the median
value, boxes represent the 25th and 75th percentile, whiskers the range of the data, with outliers
represented as points.
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Figure 20: The geology of the Swiss portion of the RI as defined by the SwissTopo dataset available
through the One Geology Portal (c.f. Figure 4.4). The horizontal bar represents the median
value, boxes represent the 25th and 75th percentile, whiskers the range of the data, with outliers
represented as points.
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Figure 21: The geology for the RI has been broadly split into sediment, sedimentary igneous and
metamorphic rock. The different portions of the RI have been separated here to show differences
in recording across the datasets and between regions. The horizontal bar represents the median
value, boxes represent the 25th and 75th percentile, whiskers the range of the data, with outliers
represented as points. The notches around the median show the 95% confidence intervals that the
medians of each class are different.
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Figure 22: For large LSS (>30m2) the relationship between landslide size and a) prior 10-year pre-
cipitation and b) temperature trends. Interannual variability based on c) total annual precipitation
and d) mean annual temperature for 10 years prior to landslide initiation. Seasonal variation in
e) precipitation and f) temperature, calculated from averaged 10-year monthly data; a significant
(p<0.01) negative correlation was found between seasonal temperature variability and landslide
size (R2=0.04).
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Figure 23: For large LSS (>30m2) the relationship between landslide size and prior 5-year a) pre-
cipitation and b) temperature trends. Interannual variability based on c) total annual precipitation
and d) mean annual temperature and for 5 years prior to landslide initiation. Seasonal variation
in e) precipitation and f) temperature, calculated from averaged 5-year monthly data; a significant
(p<0.01) negative correlation was found between seasonal temperature variability and landslide
size (R2=0.02).
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Figure 24: For large LSS (>30m2) the relationship between landslide size and the previous 1-year
monthly a) precipitation and b) temperature trend. Seasonal variation in c) precipitation and d)
temperature, calculated from averaged monthly data.
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Figure 25: Adapted from Bartolini et al. (2009, p. 22). a) Map of Spearman rank correlation
coefficients between winter precipitation and North Atlantic Oscillation Index (top) and the East
Atlantic West Russia Index (bottom); (b) red areas showing a significant correlation.
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Table 1: Table of the attributes recorded in all Levels of the RI. Each Level represents a chapter
included in the compilation of the RI; Chapters 2, 3 and 4. / denotes multiple columns in the RI.
Attribute title Description
L
ev
el
1
ID ID from reference source
ID2 ID relating to the RI
x/y Coordinates given in reference source
EPSG EPSG code for reference source CRS
lat/long Original and reprojected coordinates in WGS84 (EPSG: 4326)
Year/Month/Day Date of occurrence
depar/depvol Area/Volume of the landslide deposit in m2/m3 respectively
mvmt/mvmt 2
Description of the movement type from reference source (mvmt)
Reclassification of landslides; RI unified definitions (mvmt 2)
mvmt cd/mvmt2 cd
Code used within the RI relating to the description (above;
mvmt cd/mvmt2 cd)
ref Reference for the source of the data
L
ev
el
2
postar cd1/
postar cd156
Calculated areas based on the volume-area scaling relationship
(after Larsen et al., 2010) for RTL (cd1) and LSS (cd156)
postvol cd1/
postvol cd156
Calculated volumes based on the volume-area scaling relationship
(after Larsen et al., 2010) for RTL (cd1) and LSS (cd156)
L
ev
el
3
asp Aspect sampled from 90m SRTM data
ele Elevation sampled from 90m SRTM data
slp Slope sampled from 90m SRTM data
prof curv
Profile curvature calculated from 90m SRTM data (after Evans,
1980; Florinsky, 1998; Veronesi, 2012)
sm prof Smoothed profile curvature data
plan curv
Planform curvature calculated from 90m SRTM data (after Evans,
1980; Florinsky, 1998; Veronesi, 2012)
sm plan Smoothed planform curvature data
frn litho1 to 5 Sampled from the BRGM lithology dataset
fr geology Broad geologic classifications from the BRGM
urn litho1 to 5 Sampled from the SwissTopo lithology dataset
ch geology Broad geologic classifications from the SwissTopo
all geology
Combined broad geology groupings across both French and Swiss
landslides
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Table 2: 20 landslides were randomly selected from the BRGM dataset in order to assess how
accurate the coordinate conversion was. All of the landslides selected were very close (≤1.353e-05
degrees) to the converted latitude and longitudes. lat and lon (RI) are converted latitude and
longitude and recorded in the RI, while lat and lon (BRGM) are latitude and longitude taken
directly from the BRGM database website.
id2 x y epsg lat (RI) lon (RI) lat (BRGM) lon (BRGM)
566 922697 2099378 27572 45.81795338 6.49056467 45.81796189 6.4905782
1271 997085 1878126 27572 43.79270235 7.26738047 43.79271076 7.267393635
1000 994299 1874599 27572 43.76262378 7.230152 43.76263219 7.23016515
3896 930101 1831693 27572 43.41049869 6.40742213 43.4105072 6.407435073
2294 914799 2144600 27572 46.22797457 6.41928539 46.2279741 6.419298332
3877 888037 1790840 27572 43.06211995 5.86682687 43.06212852 5.866839657
499 908245 2060046 27572 45.47126373 6.27947419 45.47126328 6.279486962
891 999099 1881900 27572 43.82542262 7.29527558 43.82542206 7.295287968
848 913480 136350 27563 43.46067605 6.21172403 43.46067879 6.211723047
1001 993599 1872400 27572 43.74328645 7.21979359 43.7432859 7.21980596
3585 956161 1951614 27572 44.47426522 6.81225309 44.4742742 6.812253807
3584 956161 1951614 27572 44.47426522 6.81225309 44.4742742 6.812253807
2816 919900 2035099 27572 45.24178793 6.41176846 45.24179691 6.411769115
708 874255 2066042 27572 45.53963904 5.84872793 45.53964802 5.848728496
2744 936000 2030900 27572 45.19637817 6.61356431 45.19637817 6.613564313
3473 922067 2020143 27572 45.10642021 6.42941349 45.10642021 6.429413493
661 925000 154500 27562 46.31207505 6.55822484 46.31207505 6.558224841
2666 929690 2092260 27572 45.75064894 6.57547544 45.75064894 6.57547544
682 933200 111699 27572 45.92357494 6.63416643 45.92357494 6.634166426
893 998500 1883500 27572 43.84011633 7.28910365 43.84011633 7.289103645
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Table 11: GLM using all climate and topographic metrics. Significance codes: p<0.01 ***, p<0.05
**, p<0.1 *
Estimate Standard Error t value P-value Sig.
(Intercept) 3.62E+00 1.04E+00 3.479 <0.01 ***
Elevation 7.67E-04 1.41E-04 5.419 <0.01 ***
Slope 7.36E-03 5.40E-03 1.365 0.172972
Aspect (N) -2.31E-01 1.45E-01 -1.595 0.111325
Aspect (S) -2.22E-01 1.38E-01 -1.611 0.107845
Aspect (W) -1.02E-01 1.56E-01 -0.651 0.515544
Geology (Mgneous) 9.36E-02 3.03E-01 0.309 0.757563
Geology (Metamorphic) -2.01E-01 1.63E-01 -1.23 0.219285
Geology (Sediment) -2.61E-01 1.46E-01 -1.788 0.074459 *
Geology (Sedimentary) -2.36E-01 1.30E-01 -1.813 0.070461 *
Precip. 1-yr Linear trend -3.01E-03 8.71E-03 -0.346 0.729851
Precip. 1-yr Seasonal R. 7.81E-04 8.56E-04 0.912 0.362073
Precip. 5-yr Linear trend -1.82E-01 1.05E-01 -1.728 0.084719 *
Precip. 5-yr Int. Annual -5.48E-04 3.26E-04 -1.683 0.092981 *
Precip. 5-yr Seasonal R. -1.37E-03 1.92E-03 -0.714 0.475809
Precip. 10-yr Linear trend 9.48E-02 3.71E-01 0.256 0.798336
Precip. 10-yr Int. Annual 1.43E-04 4.10E-04 0.35 0.726608
Precip. 10-yr Seasonal R. -2.30E-03 2.96E-03 -0.779 0.436489
Precip. 30-yr Linear trend 3.38E+00 2.09E+00 1.621 0.105623
Precip. 30-yr Int. Annual -2.66E-05 3.93E-04 -0.068 0.945912
Precip. 30-yr Seasonal R. 3.97E-03 3.28E-03 1.21 0.226957
Temp. 1-yr Linear trend 1.19E-01 1.87E-01 0.633 0.526851
Temp. 1-yr Seasonal R. 3.83E-02 3.01E-02 1.272 0.204106
Temp. 5-yr Linear trend -8.63E-01 4.02E+00 -0.215 0.829978
Temp. 5-yr Int. Annual 2.43E-01 1.76E-01 1.381 0.168054
Temp. 5-yr Seasonal R. 7.70E-02 7.00E-02 1.1 0.271774
Temp. 10-yr Linear trend -4.09E+00 1.88E+01 -0.218 0.827515
Temp. 10-yr Int. Annual -1.60E-02 2.29E-01 -0.07 0.944358
Temp. 10-yr Seasonal R. -1.68E-01 1.53E-01 -1.096 0.273482
Temp. 30-yr Linear trend 3.42E+01 3.78E+01 0.905 0.366171
Temp. 30-yr Int. Annual -1.75E-02 2.86E-01 -0.061 0.951287
Temp. 30-yr Seasonal R. -1.41E-02 1.43E-01 -0.099 0.921353
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Table 12: GLM results for annual and seasonal regional climate and landslide frequency for the
period 1970-2002. This is without the addition of the COST733 data in order to compare the two
models (Tables 6.4 and 6.5) over the same time period (1970-2002). Significance codes: p<0.01
***, p<0.05 **, p<0.1 *
Annual Estimate Standard Error t value P-value Sig.
(Intercept) 4.193e-14 1.229e+00 0 1
precip annual$detrend 3.627e-01 1.321e-01 2.746 0.0101 **
temp annual$detrend 4.511e+00 2.905e+00 1.553 0.1309
Adjusted R-squared 0.1942
P-value 0.01489 **
Spring Estimate Standard Error t value P-value Sig.
(Intercept) -4.540e-15 6.517e-01 0 1
precip spring$detrend 1.272e-01 3.519e-02 3.615 <0.01 ***
temp spring$detrend 7.655e-01 8.603e-01 0.890 0.38066
Adjusted R-squared 0.2831
P-value <0.01 ***
Summer Estimate Standard Error t value P-value Sig.
(Intercept) 2.415e-15 6.743e-01 0 1
precip summer$detrend 3.728e-02 4.341e-02 0.859 0.397
temp summer$detrend -4.045e-01 1.143e+00 -0.354 0.726
Adjusted R-squared -0.02823
P-value 0.5766
Autumn Estimate Standard Error t value P-value Sig.
(Intercept) 6.412e-15 4.142e-01 0 1
precip autumn$detrend 5.600e-02 1.483e-02 3.775 <0.01 ***
temp autumn$detrend 1.936e-01 5.917e-01 0.327 0.745778
Adjusted R-squared 0.2801
P-value <0.01 ***
Winter Estimate Standard Error t value P-value Sig.
(Intercept) 4.958e-15 4.840e-01 0 1
precip winter$detrend 4.729e-02 2.301e-02 2.056 0.0486 *
temp winter$detrend 3.056e-01 5.177e-01 0.590 0.5594
Adjusted R-squared 0.06518
P-value 0.1382
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Appendix three: Scripts
Script 1. R script to calculate the temporal distribution of the RI and source
datasets (BRGM, Barcelonette and WSL).
1 library(segmented)
2 rm(list=ls())
3
4 setwd("C:/Users/Joanne/Dropbox/Levels/Level1")
5 data <- read.csv("level1 -28.03.2014. csv")
6
7 all.all <- (data$year)[is.finite(data$year)]
8 BR.all <- (data$year)[data$ref=="BRGM" & is.finite(data$year)]
9 Hi.all <- (data$year)[data$ref=="WSL" & is.finite(data$year)]
10 Ma.all <- (data$year)[data$ref=="safeland" & is.finite(data$year)]
11
12 all.ls <- (data$year)[data$mvmt_cd==1]
13 all.ex <- (data$year)[data$mvmt_cd==1 & data$year != 1990 & data$
year != 1999] #correct on the 11/12/14
14 all.LSS <- (data$year)[data$mvmt_cd==1 | data$mvmt_cd %in% 5:6]
15 all.ex.LSS <- (data$year)[(data$mvmt_cd==1 | data$mvmt_cd %in% 5:6)
& data$year != 1990 & data$year != 1999]
16 all.rf <- (data$year)[data$mvmt_cd %in% 2:4]
17 all.sl <- (data$year)[data$mvmt_cd %in% 5:6]
18 all.fl <- (data$year)[data$mvmt_cd %in% 7:8]
19 all.cplx <- (data$year)[data$mvmt_cd==9]
20
21 BR.ls <- (data$year)[data$mvmt_cd==1 & data$ref=="BRGM"]
22 BR.ls2 <- (data$year)[data$mvmt_cd==1 & data$ref=="BRGM" & data$
year != 1990 & data$year != 1994 & data$year != 2000]
23 BR.LSS <- (data$year)[(data$mvmt_cd==1 | data$mvmt_cd %in% 5:6) &
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data$ref=="BRGM"]
24 BR.LSS2 <- (data$year)[(data$mvmt_cd==1 | data$mvmt_cd %in% 5:6) &
data$ref=="BRGM" & data$year != 1990 & data$year != 1994 & data$
year != 2000]
25 BR.rf <- (data$year)[data$mvmt_cd %in% 2:4 & data$ref=="BRGM"]
26 BR.sl <- (data$year)[data$mvmt_cd %in% 5:6 & data$ref=="BRGM"]
27 BR.cplx <- (data$year)[data$mvmt_cd==9 & data$ref=="BRGM"]
28
29 Hi.ls <- (data$year)[data$mvmt_cd==1 & data$ref=="WSL"]
30 Hi.ls2 <- (data$year)[data$mvmt_cd==1 & data$ref=="WSL" & data$year
!= 1999 & data$year != 2002 & data$year != 2005]
31 Hi.LSS <- (data$year)[(data$mvmt_cd==1 | data$mvmt_cd %in% 5:6) &
data$ref=="WSL"]
32 Hi.LSS2 <- (data$year)[(data$mvmt_cd==1 | data$mvmt_cd %in% 5:6) &
data$ref=="WSL" & data$year != 1999 & data$year != 2002 & data$
year != 2005]
33 Hi.fl <- (data$year)[data$mvmt_cd %in% 7:8 & data$ref=="WSL"]
34 Hi.cplx <- (data$year)[data$mvmt_cd==9 & data$ref=="WSL"]
35
36 Ma.ls <- (data$year)[data$mvmt_cd==1 & data$ref=="safeland"]
37 Ma.rf <- (data$year)[data$mvmt_cd %in% 2:4 & data$ref=="safeland"]
38 Ma.fl <- (data$year)[data$mvmt_cd %in% 7:8 & data$ref=="safeland"]
39
40 all.timing.ls <- na.omit(all.ls)
41 #the same was repeated for all variables (see above)
42
43 range.all.ls <- range(all.timing.ls, na.rm=TRUE)
44 #the same was repeated for all variables (see above)
45
46 #specify breaks
47 breaks.all.ls <- seq(range.all.ls [1], range.all.ls [2], by=1)
48 #the same was repeated for all variables (see above)
49
50 data.cut.all.ls <- cut(all.timing.ls , breaks.all.ls , right=FALSE)
51 #the same was repeated for all variables (see above)
52
53 data.freq.all.ls = table(data.cut.all.ls)
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54 #the same was repeated for all variables (see above)
55
56 cumfreq0.all.ls = c(0, cumsum(data.freq.all.ls))
57 #the same was repeated for all variables (see above)
58
59 ###################################################################
60 ########################### models ################################
61 ###################################################################
62 #for the lm
63 out.all.ls <- lm(cumfreq0.all.ls ~ breaks.all.ls)
64 #the same was repeated for all variables
65
66 ###################################################################
67 ######################### SEGMENTED ###############################
68 ###################################################################
69 all.ls.o <- segmented(out.all.ls , seg.Z=~breaks.all.ls , psi=c
(1900 ,1950 ,1970))
70 all.ls.ex.o <- segmented(out.all.ex , seg.Z=~breaks.all.ex , psi=c
(1880 ,1950 ,1970))
71 all.LSS.o <- segmented(out.all.LSS , seg.Z=~breaks.all.LSS , psi=c
(1900 ,1950 ,1970))
72 all.LSS.ex.o <- segmented(out.all.ex.LSS , seg.Z=~breaks.all.ex.LSS ,
psi=c(1900 ,1950 ,1970))
73 all.rf.o <- segmented(out.all.rf , seg.Z=~breaks.all.rf , psi=c
(1850 ,1950))
74 all.sl.o <- segmented(out.all.sl , seg.Z=~breaks.all.sl , psi=c
(1935 ,1980))
75 all.fl.o <- segmented(out.all.fl , seg.Z=~breaks.all.fl , psi=c
(1850 ,1920 ,1950))
76 all.cplx.o <- segmented(out.all.cplx , seg.Z=~breaks.all.cplx , psi=c
(1900 ,1960))
77
78 BR.ls.o <- segmented(out.BR.ls , seg.Z=~breaks.BR.ls , psi=c
(1910 ,1960))
79 BR.ls2.o <- segmented(out.BR.ls2 , seg.Z=~breaks.BR.ls2 , psi=c
(1910 ,1960))
80 BR.LSS.o <- segmented(out.BR.LSS , seg.Z=~breaks.BR.LSS , psi=c
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(1910 ,1960))
81 BR.LSS2.o <- segmented(out.BR.LSS2 , seg.Z=~breaks.BR.LSS2 , psi=c
(1910 ,1960))
82 BR.rf.o <- segmented(out.BR.rf , seg.Z=~breaks.BR.rf , psi=c
(1900 ,1990))
83 BR.sl.o <- segmented(out.BR.sl , seg.Z=~breaks.BR.sl , psi=c
(1935 ,1980))
84 BR.cx.o <- segmented(out.BR.cplx , seg.Z=~breaks.BR.cplx , psi=c
(1900 ,1960))
85
86 Hi.ls.o <- segmented(out.Hi.ls , seg.Z=~breaks.Hi.ls , psi=c(1990))
87 Hi.ls2.o <- segmented(out.Hi.ls2 , seg.Z=~breaks.Hi.ls2 , psi=c(1990)
)
88 Hi.fl.o <- segmented(out.Hi.fl , seg.Z=~breaks.Hi.fl , psi=c
(1992 ,2005))
89 Hi.cx.o <- segmented(out.Hi.cplx , seg.Z=~breaks.Hi.cplx , psi=c
(1995))
90
91 Ma.ls.o <- segmented(out.Ma.ls , seg.Z=~breaks.Ma.ls , psi=c
(1900 ,1960))
92 Ma.rf.o <- segmented(out.Ma.rf , seg.Z=~breaks.Ma.rf , psi=c
(1850 ,1920 ,1960))
93 Ma.fl.o <- segmented(out.Ma.fl , seg.Z=~breaks.Ma.fl , psi=c
(1850 ,1910 ,1960))
./Scripts/TempDist mvmt.R
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Script 2. R script to calculate the area-volume scaling relationship for RTL
and LSS .
1 #setwd
2 setwd("C:/Users/Joanne/Dropbox/Levels/Level1")
3
4 #load data
5 pre <- read.csv("level1 -28.03.2014. csv")
6
7 #define new columns for the new scaled data
8 pre$postar_cd1 <- pre$depar
9 pre$postvol_cd1 <- pre$depvol
10 pre$postar_cd156 <- pre$depar
11 pre$postvol_cd156 <- pre$depvol
12
13 #for RTL and LSS mvmt
14 mc1 <- lm(log10(pre$depvol[pre$mvmt2_cd=="1"])~log10(pre$depar[pre$
mvmt2_cd=="1"]))
15 mc156 <- lm(log10(pre$depvol[pre$mvmt2_cd=="1" | pre$mvmt2_cd %in%
5:6])~log10(pre$depar[pre$mvmt2_cd=="1" | pre$mvmt2_cd %in%
5:6]))
16
17 #SCALING 1 (RTL mvmt)
18 #defining coefficients
19 loga <- mc1$coeff [1]
20 gamma <- mc1$coeff [2]
21
22 #selecting cells with only volume/area
23 volonly <- which(pre$mvmt2_cd==1&is.na(pre$postar_cd1)==TRUE&is.na(
pre$postvol_cd1)== FALSE)
24 areaonly <- which(pre$mvmt2_cd==1&is.na(pre$postvol_cd1)==TRUE&is.
na(pre$postar_cd1)== FALSE)
25
26 #scaling (Larsen 2010)
27 pre$postar_cd1[volonly] <- 10^(( log10(pre$postvol_cd1[volonly ])-
loga)/gamma)
28 pre$postvol_cd1[areaonly] <- 10^( gamma*log10(pre$postar_cd1[
areaonly ])+loga)
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29
30 #SCALING 1,5,6 (LSS mvmt)
31 #defining coefficients
32 loga <- mc156$coeff [1]
33 gamma <- mc156$coeff [2]
34
35 #selecting cells with only volume/area (RTL mvmt)
36 volonly <- which(pre$mvmt2_cd=="1"&is.na(pre$postar_cd156)==TRUE&is
.na(pre$postvol_cd156)==FALSE)
37 areaonly <- which(pre$mvmt2_cd=="1"&is.na(pre$postvol_cd156)==TRUE&
is.na(pre$postar_cd156)== FALSE)
38
39 #scaling (Larsen 2010) (RTL mvmt)
40 pre$postar_cd156[volonly] <- 10^(( log10(pre$postvol_cd156
41 [volonly ])-loga)/gamma)
42 pre$postvol_cd156[areaonly] <- 10^( gamma*log10(pre$postar_cd156[
areaonly ])+loga)
43
44 #selecting cells with only volume/area (LSS mvmt)
45 volonly <- which(pre$mvmt2_cd%in%5:6&is.na(pre$postar_cd156)==TRUE&
is.na(pre$postvol_cd156)== FALSE)
46 areaonly <- which(pre$mvmt2_cd%in%5:6&is.na(pre$postvol_cd156)==
TRUE&is.na(pre$postar_cd156)== FALSE)
47
48 #scaling (Larsen 2010) (LSS mvmt)
49 pre$postar_cd156[volonly] <- 10^(( log10(pre$postvol_cd156[volonly ])
-loga)/gamma)
50 pre$postvol_cd156[areaonly] <- 10^( gamma*log10(pre$postar_cd156[
areaonly ])+loga)
51
52 ##save to new
53 write.csv(pre , "C:/Users/Joanne/Dropbox/Levels/Level2/level2
-02.04.2014. csv")
./Scripts/AVscaling.R
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Script 3. R script sampling SRTM data for aspect, elevation and slope into
the RI.
1 #this script combines the srtm data with the RI
2 library(rgdal)
3 library(sp)
4 library(raster)
5
6 setwd("C:/Users/Joanne/Dropbox/Levels/Level3")
7
8 elevation <- raster("C:/Users/Joanne/Dropbox/Levels/Level3/srtm/
elevation.tif")
9 slope <- raster("C:/Users/Joanne/Dropbox/Levels/Level3/srtm/slope.
tif")
10 aspect <- raster("C:/Users/Joanne/Dropbox/Levels/Level3/srtm/aspect
.tif")
11
12 #read in the landslide data
13 RI <- read.csv("level3 -22.01.2015. csv")
14
15 #use the points to sample srtm data
16 lon=RI$lon[is.na(RI$lon)== FALSE]
17 lat=RI$lat[is.na(RI$lat)== FALSE]
18 grid.sample <- SpatialPoints(cbind(lon , lat))
19
20 #elevation
21 values <- extract(elevation , grid.sample)
22 RI$ele <- NA
23 RI$ele[is.na(RI$lon)== FALSE] <- values
24
25 #slope
26 values <- extract(slope , grid.sample)
27 RI$slp <- NA
28 RI$slp[is.na(RI$lon)== FALSE] <- values
29
30 #aspect
31 values <- extract(aspect , grid.sample)
32 RI$asp <- NA
306 APPENDIX 3
33 RI$asp[is.na(RI$lon)== FALSE] <- values
34
35 write.csv(RI, "C:/Users/Joanne/Dropbox/Levels/Level3 -22.01.13j.csv"
)
./Scripts/srtmSample.R
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Script 4. R script used to clip the 90m SRTM to the extent of the region.
1 library(rgdal)
2 library(raster)
3
4 setwd("C:/Users/Joanne/Desktop/Levels")
5
6 myshp <- readOGR(dsn="Level3", #specifies the folder in the wd
where the files are
7 layer="clipped") #says what layer it is
8
9 ## Getting the spatial extent of the shapefile
10 e <- extent(myshp)
11 ## Reading the raster you want to crop
12 myraster <- raster("C:/Users/Joanne/Desktop/Levels/Level3/aspect.
tif")
13 ## Cropping the raster to the shapefile spatial extent
14 myraster.crop <- crop(myraster , e, snap="out")
15 ## Dummy raster with a spatial extension equal to the cropped
raster ,
16 ## but full of NA values
17 crop <- setValues(myraster.crop , NA)
18 ## Rasterize the catchment boundaries , with NA outside the
catchment
19 ## boundaries
20 myshp.r <- rasterize(myshp , crop)
21 ## Putting NA values in all the raster cells outside the
shapefile boundaries
22 myraster.masked <- mask(x=myraster.crop , mask=myshp.r)
23
24 writeRaster(myraster.masked , filename="C:/Users/Joanne/Desktop/
Levels/Level3/clipped.aspect.tif")
./Scripts/clippingRaster.R
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Script 5. Matlab function: circ kuipertest. The Kuiper test (Batschelet, 1981;
Berens, 2009) is closely related to the KS test, but is used with circular data.
1 function [pval , k, K] = circ_kuipertest(alpha1 , alpha2 , res , vis_on
)
2
3 % [pval , k, K] = circ_kuipertest(sample1 , sample2 , res , vis_on)
4 %
5 % The Kuiper two -sample test tests whether the two samples differ
6 % significantly.The difference can be in any property , such as
mean
7 % location and dispersion. It is a circular analogue of the
8 % Kolmogorov -Smirnov test.
9 %
10 % H0: The two distributions are identical.
11 % HA: The two distributions are different.
12 %
13 % Input:
14 % alpha1 fist sample (in radians)
15 % alpha2 second sample (in radians)
16 % res resolution at which the cdf is evaluated
17 % vis_on display graph
18 %
19 % Output:
20 % pval p-value; the smallest of .10, .05, .02, .01, .005,
.002,
21 % .001, for which the test statistic is still higher
22 % than the respective critical value. this is due to
23 % the use of tabulated values. if p>.1, pval is set
to 1.
24 % k test statistic
25 % K critical value
26 %
27 % References:
28 % Batschelet , 1980, p. 112
29 %
30 % Circular Statistics Toolbox for Matlab
31
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32 % Update 2012
33 % By Marc J. Velasco and Philipp Berens , 2009
34 % velasco@ccs.fau.edu
35
36
37 if nargin < 3
38 res = 100;
39 end
40 if nargin < 4
41 vis_on = 0;
42 end
43
44 n = length(alpha1 (:));
45 m = length(alpha2 (:));
46
47 % create cdfs of both samples
48 [phis1 cdf1 phiplot1 cdfplot1] = circ_samplecdf(alpha1 , res);
49 [foo , cdf2 phiplot2 cdfplot2] = circ_samplecdf(alpha2 , res); %#ok <
ASGLU >
50
51 % maximal difference between sample cdfs
52 [dplus , gdpi] = max([0 cdf1 -cdf2]);
53 [dminus , gdmi] = max([0 cdf2 -cdf1]);
54
55 % calculate k-statistic
56 k = n * m * (dplus + dminus);
57
58 % find p-value
59 [pval K] = kuiperlookup(min(n,m),k/sqrt(n*m*(n+m)));
60 K = K * sqrt(n*m*(n+m));
61
62
63 % visualize
64 if vis_on
65 figure
66 plot(phiplot1 , cdfplot1 , ’b’, phiplot2 , cdfplot2 , ’r’);
67 hold on
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68 plot([ phis1(gdpi -1), phis1(gdpi -1)], [cdf1(gdpi -1) cdf2(gdpi -1)
], ’o:g’);
69 plot([ phis1(gdmi -1), phis1(gdmi -1)], [cdf1(gdmi -1) cdf2(gdmi -1)
], ’o:g’);
70 hold off
71 set(gca , ’XLim’, [0, 2*pi]);
72 set(gca , ’YLim’, [0, 1.1]);
73 xlabel(’Circular Location ’)
74 ylabel(’Sample CDF’)
75 title(’CircStat: Kuiper test’)
76 h = legend(’Sample 1’, ’Sample 2’, ’Location ’, ’Southeast ’);
77 set(h,’box’,’off’)
78 set(gca , ’XTick’, pi *(0:.25:2))
79 set(gca , ’XTickLabel ’, {’0’, ’’, ’’, ’’, ’pi’, ’’, ’’, ’’, ’2pi
’})
80 end
81
82
83
84 end
85
86 function [p K] = kuiperlookup(n, k)
87
88 load kuipertable.mat;
89 alpha = [.10, .05, .02, .01, .005, .002, .001];
90 nn = ktable (:,1); %#ok<NODEF >
91
92 % find correct row of the table
93 [easy row] = ismember(n, nn);
94 if ~easy
95 % find closest value if no entry is present)
96 row = length(nn) - sum(n<nn);
97 if row == 0
98 error(’N too small.’);
99 else
100 warning(’N=%d not found in table , using closest N=%d present.
’,n,nn(row)) %#ok<WNTAG >
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101 end
102 end
103
104 % find minimal p-value and test -statistic
105 idx = find(ktable(row ,2:end)<k,1,’last’);
106 if ~isempty(idx)
107 p = alpha(idx);
108 else
109 p = 1;
110 end
111 K = ktable(row ,idx+1);
112
113 end
./Scripts/circ kuipertest.m
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Script 6. R script used to highlight any landslide in the RI which may have
been triggered by an earthquake. The calculation is based on Keefer (2002) (see
also Equation 4.4).
1 rm(list=ls())
2 library(rgdal)
3 library(maptools)
4
5 lsdb <- read.csv("C:/Users/Joanne/Dropbox/Levels/Level3/level3
-12.01.2015. csv")
6 lsdb <- lsdb[is.finite(lsdb$lat),]
7 lsdb <- lsdb[is.finite(lsdb$day),]
8
9 earthquake <- read.csv("C:/Users/Joanne/Dropbox/Levels/Level3/
earthquake.query -05.12.2014. csv",skip =1)
10
11 lscoords <- cbind(lsdb$lon ,lsdb$lat)
12 quakecoords <- cbind(earthquake$longitude ,earthquake$latitude)
13
14 ls <- SpatialPoints(lscoords)
15 quake <- SpatialPoints(quakecoords)
16
17 latlong = "+init=epsg :4326"
18 utm = "+init=epsg :23032"
19
20 #defining the coord ref sys
21 proj4string(ls) = CRS(latlong)
22 proj4string(quake) = CRS(latlong)
23
24 #and reproject ...
25 ls = spTransform(ls , CRS(utm))
26 quake = spTransform(quake , CRS(utm))
27
28 ls <- as.data.frame(ls)
29 quake <- as.data.frame(quake)
30
31 ## set date format
313
32 lsdb$date_format <- as.Date(paste(lsdb$year ,lsdb$month ,lsdb$day ,sep
="-"))
33 earthquake$date_format <- as.Date(earthquake$date ,format="%d/%m/%Y"
)
34
35 #calculating area affected by Keefer and...
36 #calculating the radius based on the area in m
37 #based on...
38
39 ###!!!choose!!!###
40
41 #middle value
42 earthquake$crit_dist <- 1000*sqrt ((10^( earthquake$mag -(3.46))/pi))
43 #max critical dist
44 earthquake$crit_dist <- 1000*sqrt ((10^( earthquake$mag -(3.46 -0.47))/
pi))
45 #min critical dist
46 earthquake$crit_dist <- 1000*sqrt ((10^( earthquake$mag -(3.46+0.47))/
pi))
47
48 ## length of time window after earthquake
49 window <- 365 #in days , can be changed
50
51 #setting the output to false
52 lsdb$quake <- FALSE
53 ## loop through landslides
54 for (i in 1:dim(lsdb)[1]) {
55 ## calculate distance from landslide to each quake in m
56 distance <- sqrt((ls[i,1]-quake [,1]) ^2+(ls[i,2]-quake [,2])^2)
57 ## calculate time lag between landslide and each quake in days
58 timelag <- lsdb$date_format[i]-earthquake$date_format
59 ## test to see which(if any) quakes are within crit_dist and
timelag
60 test <- earthquake$date[distance <= earthquake$crit_dist&timelag >=0
&timelag <= window]
61 #changing output to true where applicable
62 if(length(test) >=1) lsdb$quake[i] <- TRUE
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63 }
./Scripts/EarthquakeExclusion.R
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Script 7. R script used to extract temperature and precipitation data from
the HISTALP Grid-mode-2 NetCDF files.
1 ###################################################################
2 ########################## help taken from ########################
3 ### http://geography.uoregon.edu/GeogR/topics/raster01.R.txt ####
4 #http://www.image.ucar.edu/GSP/Software/Fields/Help/image.plot.html
5 ##### http://tolstoy.newcastle.edu.au/R/help/05/02/13030. html #####
6 ###################################################################
7
8 rm(list=ls())
9
10 #open libraries
11 library(ncdf)
12 library(raster)
13 library(rgdal)
14 #library(fields)
15 #library(fields)
16 #library(RColorBrewer)
17
18 #load data
19 #data <- open.ncdf("C:/Users/Joanne/Dropbox/Levels/climate/HISTALP_
temperature_1780 -2008. nc")
20 #data <- open.ncdf("C:/Users/Joanne/Dropbox/Levels/climate/HISTALP_
precipitation_all_abs_1801 -2003. nc")
21 data <- open.ncdf("C:/Users/Joanne/Dropbox/Levels/climate/HISTALP/
Extracted Grid Mode 2/HISTALP_precipitation_all_abs_1801 -2010. nc
")
22
23 ###############################################################
24 ######################## get data #############################
25 ###############################################################
26
27 #get latitudes and longitudes
28 lat <- get.var.ncdf(data ,"lat",verbose=F)
29 nlat <- dim(lat)
30 lon <- get.var.ncdf(data ,"lon")
31 nlon <- dim(lon)
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32
33 ###############################################################
34 #################### time series ###########################
35 ##################### mean & std dev ##########################
36 ###############################################################
37
38 #define a function for calculating the range
39 range_span <-function(x) return(diff(range(x)))
40
41 ###############################################################
42 #the following parameters are constants:
43 #year <- 1970 #defines the start year
44 year <- 1900 #defines comparrison start year
45 endyear <- 1970 #defines comparrison end year
46 #endyear <- 2010 #defines end year for precipitation
47 #endyear <- 2008 #defines end year for temperature
48 month <- 1 #defines the start month
49 monthend <- 12 #defines the end month
50
51 #time_period <- 360 #for a 30 year trend
52 time_period <- ((endyear -year)*12) +12 #for a pre -defined time
period
53 #timestep <- 12*(year -1780) + month #for temperature
54 timestep <- 12*(year -1801) + month #for precipitation
55 start_time <- timestep - 1 #
56
57 #and a helpful matrix
58 matTrend <- matrix(NA, nrow=nlat , ncol=nlon)
59
60 ###############################################################
61 for (x_pixels in 1:nlon) {
62 for(y_pixels in 1:nlat){
63
64 ##this is needed for annual or seasonal
65 temp <- matrix(NA , nrow=time_period , ncol =3)
66 temp[,1] <- rep(year:endyear , each =12)
67 temp[,3] <- rep(month:monthend , times=(endyear -year)+1)
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68 ##then choose
69 #temp[,2] <- get.var.ncdf(data , varid="T_2M", start=c(x_pixels ,y_
pixels ,start_time),count=c(1,1,time_period))
70 temp[,2] <- get.var.ncdf(data , varid="TOT_PREC", start=c(x_pixels ,y
_pixels ,start_time),count=c(1,1,time_period))
71
72 #tell it to ignore NAs
73 if (is.na(temp)[,2]==F){
74
75 ###############################################################
76 ###### to attain a linear model for the data
77 #linear <- lm(temp[,2] ~ seq(temp [,2]))
78 #matTrend [y_pixels ,x_pixels] <- linear$coeff [2]
79
80 ###### or the standard deviation
81 #matTrend [y_pixels ,x_pixels] <- sd(temp , na.rm=TRUE)
82
83 ###### or the variance
84 #matTrend [y_pixels ,x_pixels] <- var(temp , na.rm=TRUE)
85 #hist(temp , na.rm=T)
86
87 ###### or the range
88 #matTrend [y_pixels ,x_pixels] <- max(temp) - min(temp)
89
90 ###### or the annual totals and 95% quantiles
91 #aggdat <- aggregate(temp[,2], by=list(Category=temp [,1]), #by year
92 # FUN=sum) #precip
93 # FUN=mean) #temp
94 #linearfit <- lm(x~Category ,data=aggdat)
95 #aggdat$detrend <- aggdat$x-predict(linearfit)
96 #and take the 95% quantiles for annual data on the detrended
dataset [,3]
97 #matTrend [y_pixels ,x_pixels] <- quantile(aggdat[,3], 0.975) -
quantile(aggdat[,3], 0.025)
98
99 ###### or the seasonal totals and 90% quantiles
100 aggdat <- aggregate(temp[,2], by=list(Category=temp [,3]), #by
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months
101 FUN=mean) #temp and precip
102 #and take the range for seasonal
103 matTrend [y_pixels ,x_pixels] <- range_span(aggdat [,2])
104
105 ###############################################################
106 } else {
107 matTrend [y_pixels ,x_pixels] <- NA
108 }
109 }
110 cat(paste("rep no: ",x_pixels ," of ",nlon ,"\n"))
111 }
112 ###################### e n d ##################################
113
114 ###############################################################
115 #making a nice raster
116 rasTrend <- raster(nrows=nlat , ncols=nlon , xmn=min(lon), ymn=min(
lat), xmx=max(lon), ymx=max(lat))
117 #values(rasTrend) <- 12*(apply(matTrend ,2,rev)) #mulitiply by
number of months to get trend over
118 values(rasTrend) <- apply(matTrend ,2,rev) #30 years (360)
or annual (12)
119 image(rasTrend)
120 ###############################################################
121 #writeRaster(rasTrend , "C:/Users/Joanne/Dropbox/Levels/climate/
MarchFigures/rasTrend_SeRangeAv_temp -1970 to2008.tif")
122 writeRaster(rasTrend , "C:/Users/Joanne/Dropbox/Levels/climate/
MarchFigures/rasTrend_SeRangeAv_precip -1900 to1970.tif")
123
124 rm(matTrend)
125 rm(rasTrend)
./Scripts/newest/Step1a–CreatingNewRastersForMaps.R
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Script 8. R script used to apply linear models to landslide size and the ex-
tracted temperature and precipitation data from the HISTALP Grid-mode-2 NetCDF
files.
1 #read in 30 year climate data
2 #this is already large landslides >30m^2 from previous script
3 precip <- read.csv("C:/Users/Joanne/Dropbox/Levels/climate/NewData/
Climate_30yr_precip_06_01_2016. csv")
4 temp <- read.csv("C:/Users/Joanne/Dropbox/Levels/climate/NewData/
Climate_30yr_temp_06_01_2016. csv")
5
6 #linear models for temperature and precipitation
7 signal <- lm(log10(precip$postar_cd156)~precip$precip_linear_seq)
8 summary(signal)
9
10 signal <- lm(log10(temp$postar_cd156)~temp$temp_linear_seq)
11 summary(signal)
12
13 #subset temperature dataset so its the same length as precip
14 temp2 <- temp[temp$year <=2003 ,]
15
16 #now see how much variation these each explain
17 signal <- lm(log10(precip$postar_cd156)~precip$precip_linear_seq+
temp2$temp_linear_seq)
18 summary(signal)
./Scripts/30year trend precipandtemp–analysis.R
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Landslides present a geomorphological hazard in Alpine regions, threatening life, infrastructure and property.
Herewe present the development of a new regional landslide inventory (RI) for the EuropeanAlps. This database
provides a substantial temporal and spatial picture of landsliding in the Alps, with particular focus on the Swiss
and French Alps. We use segmented models to evaluate recording bias in the temporal record. We use scaling
relationships to calculate landslide area based on a given volume for similar types of landslide; with the result
of this being that 9.5% of the landslides recorded in the RI now have area data recorded. These landslide
area data are then used to examine the log–linear trend, which exists between landslide area and frequency in
inventories. We show that this relationship is present for this historical dataset; however, none of the individual
databases, nor a uniﬁcation of these, contain a complete record with the small and larger landslides being
recorded more consistently. The use of segmented models on the temporal distribution of landslides in the RI
shows that the post-1970 portion of the database is more reliable, highlighted through an improved power–
law relationship, although the frequency of medium sized landslides is still underestimated. We show that
creating a uniﬁed database (RI) can increase the reliability of datasets and consistency in recording for the use
by researchers for attribution and detection studies.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
In the European Alps, recent population and infrastructure growth
have driven calls to better understand regional geomorphological
hazards and risks. While humans have a direct inﬂuence on landslide
initiation through infrastructure, development and planning, climate
change has also been implicated in increased landslide risk (Borgatti
and Soldati, 2010; Crozier, 2010; Keiler et al., 2010). Recently, the
European Alps have seen a rise in mean annual air temperatures by
~2 °C since the end of the Little Ice Age (Haeberli and Beniston, 1998),
leading to ongoing widespread glacier recession and changes in the
frequency and magnitude of natural hazards such as glacial lake out-
burst ﬂoods, ﬂooding, avalanches and landsliding (Katz and Brown,
1992; Keiler et al., 2010). While deglaciation in the Alps can be directly
linked with this temperature increase (Haeberli et al., 1999; Reichert
et al., 2002), recording of the intensity and frequency of mass move-
ments in the region has been inconsistent over time, restricting our
ability to test their relationship with changes in the climate.
Understanding the spatial and temporal distribution of landslides is
important to the insurance industry and planners due to the risks they
pose to life and infrastructure (e.g. Hilker et al., 2009; Malet et al.,
2010). This provides one of the key drivers for our research and there
is considerable interest from the insurance industry in understanding
how landslide risk may change in the European Alps. While most
research tends to centre on basin scale landsliding, focussing on
modelling and understanding the mechanisms and precursors that
lead to landslide initiation, understanding the relationship between
landsliding and climate change is a regional-scale problem which
needs to be assessed at this level through regional-scale studies.
Understanding landslide risk is a complex issue for heavily populated
regions such as the Alps; population density varies seasonally (Guzzetti,
2005) and property values ﬂuctuate, changing the values of assets (Lee
and Jones, 2004). In addition, varying landslide triggers, magnitude,
velocity and type inﬂuence potential losses (Lee and Jones, 2004),
hence establishing patterns between the spatial and temporal distribu-
tion of landslides and their triggers can facilitate modelling future risk
(e.g. Crozier and Glade, 2006; Van Beek and Van Asch, 2004). Here we
describe the development of a new landslide inventory for the Alps
based on the compilation of regional datasets. The aim is to include
the date of landslide occurrence, location and an indication of size in
order to gain a regional-scale picture of landsliding across the Alps
and a perspective on the frequency and magnitude of landslides. This
regional-scale inventory (RI) allows the interrogation of landslide risk
over a wide range of geologies and topographies.
2. Study region
The European Alps (Fig. 1) have been chosen for this study as they
are amongst the most heavily developed mountain regions in the
world and are affected by a range of natural and human induced
hazards. They are home to much research on landslides (including
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datasets and numerous publications), with the regional climate also
being extensively researched (Huggel et al., 2002, 2012; Schmocker-
Fackel and Naef, 2010). The Alps therefore have a high potential for
investigating the relationship between changing climate and landsliding.
3. Landslides
3.1. Classiﬁcation
Landslides are subject to multiple triggers and processes and so
classiﬁcation provides a framework from which comparisons between
different types of landslide at different locations can bemade. Classifying
landslides by process and trigger assists with the evaluation of mitiga-
tion and remediation programmes. Precursors and trigger mechanisms
vary between location and landslide class, and have been shown to in-
ﬂuence the frequency of landsliding in certain areas due to differences
in geology, lithology, topography, and terrain (Dai and Lee, 2001;
Dapples et al., 2002; Soldati et al., 2004). Thismakes classiﬁcation across
a range of geologies and topographies paramount for the development
of hazard mapping and landslide predictions.
While human decision making and infrastructure development are
important determinants of landslide risk, landslide magnitude and
velocity play a role in determining the extent of damage and risk to
life. The two most commonly used methods of landslide classiﬁcation
take velocity, mechanism and material into consideration. The ﬁrst, by
Varnes (1978), is the most widely used classiﬁcation and is based on
process, morphology, geometry, movement and the type of material.
These factors included in this classiﬁcation allow for interrogation of
the trigger mechanisms and antecedent conditions associated with the
different landslide classes, particularly the inclusion of process, and
movement. The second builds on this and additionally considers the
size and rate of failure (Cruden and Varnes, 1996; Jakob, 2005). The
Cruden and Varnes (1996) classiﬁcation distinguishes landslides by
velocity class, which ranks the risk on a scale from the low risk Class 1
(where mitigation works can reduce the risk from slow-moving slides),
up to Class 7 (where there is an expectation for the loss of life). Both of
these methods of classiﬁcation are thus important for risk assessment
and hazard evaluation.
3.2. Landslides and climate triggers
Alongside other factors such as changes in landuse and infrastruc-
ture, recent warming in the European Alps has resulted in an increase
in geomorphological hazards (Theurillat and Guisan, 2001; Fuchs and
Bründl, 2005; Keiler et al., 2010).Much landslide research is increasingly
focused on the role of temperature and precipitation change (Abele,
1997; Buma and Dehn, 1998; Collison et al., 2000; Iverson, 2000;
Chigira, 2002; Soldati et al., 2004; Chemanda et al., 2005; Marques
et al., 2008), climate andweather variability, seasonality and storminess
(Szabó, 2003; Guthrie et al., 2010) and the effects of climate extremes.
Permafrost melt in mountains, and changes in freeze–thaw regimes
are implicated in rockwall instability and landslide generation
(e.g. Abele, 1997; Haeberli and Beniston, 1998; Chigira, 2002; Gruber
et al., 2004; Schar et al., 2004; Chemanda et al., 2005; Harris et al.,
2009). Despite this literature discussing these factors at a large-scale,
these studies cannot be used for regional hazard assessments given
the lack of regional-scale approaches. Therefore, to assess which areas
are affected by increased landslide risk, it is important to understand
Fig. 1.The study areawithin the EuropeanAlpswhichpredominantly includes Switzerland and south-east France. This shows the locations of individual landslides recorded in theRI; these
are distinguished by the contributing source (as detailed in Table 1). The insert shows the south-east region of France (excluding the BRGM, GB andWSL datasets) to show the locations of
landslides taken from academic literature and the Barcelonette dataset.
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the long term pattern and spatial distribution of landslides, their nature,
trigger mechanisms and ultimately regional climate projections.
3.3. Landslide inventories in Europe and their accessibility
There is an extensive literature on landslides in the European Alps
(e.g. Nieuwenhuijezen and Van Steijn, 1990; Couture et al., 1997;
Bertran, 2003; Casson et al., 2003; Giardino et al., 2004; Meric et al.,
2005; Squarzoni et al., 2005; Deline, 2009). More recently (in the past
20 years) landslides have been increasingly documented in European-
wide inventories and databases, giving us a ﬁrst picture of their spatial
distribution and highlighting regions with high levels of landslide
susceptibility (Van Den Eeckhaut and Hervas, 2012). The temporal
range covered by individual landslide inventories is variable. Historical
inventories look at landsliding over a range of time periods including
millennia to decades (e.g. Soldati et al., 2004; Bureau de Recherches
Géologiques et Minières, 2013a; Geologische Bundesanstalt, 2013),
whereas modern inventories tend to centre on basin-scale clusters
occurring over short periods of time, often relating to a single trigger
event (e.g. Malamud et al., 2004). Modern inventories are collated in
the hours, days or weeks after the triggering event, while historical
inventories are collated over years and decades to offer a representation
of the nature of landsliding in an area over time. Despite the extensive
scientiﬁc research on landslides in the European Alps, data access is
limited and the extraction of data from journals, printed and online
media can be time-consuming, exacerbated by a lack of detailed
location data for landslides, which is often given at the regional level
or from small-scale maps.
3.4. Statistics of landslide inventories
Landslides show a form of self-organised criticality whereby there
is a commonality in form and process across a wide range of scales
(Bak et al., 1987). This self-organised criticality presents itself as a log–
linear trend between the frequency of landsliding and landslide area
(Hergarten and Neugebauer, 1998); small landslides are represented
at the high-frequency, low-magnitude portion of the distribution and
large landslides by the linear, low-frequency tail (Fig. 2). This relation-
ship is commonly evaluated using modern landslide inventories and
can be used to provide estimates for the potential of landslide
occurrence in a given area (e.g. Stark and Hovius, 2001; Malamud
et al., 2004). This frequency–area relationship appears to be robust
and consistent across space and time (Stark and Hovius, 2001;
Guzzetti et al., 2002; Malamud et al., 2004) although recent work has
tested this assertion. An example of this comes from the Maily-Say
region of the Tien-Shan where, between 1962 and 2007 there was an
increase in the recorded frequency of large landslides which translated
to an upward shift in the tail of the distribution (Schögel et al., 2011);
this was attributed to the growth of existing landslides or the coales-
cence of smaller landslides in the region (Torgoev et al., 2010). This
apparent divergence from the expected distribution makes it vital to
collate and update comprehensive landslide inventories to enable
further investigations.
Whilst landslide processes andmechanisms are understood in terms
of individual landslides, recently this knowledge has been tuned to
susceptibility mapping across wider areas and regions in order to better
understand landslide risk (Malet et al., 2010; Van Den Eeckhaut et al.,
2010). An example of this is the ‘Safeland Project’which uses landslide
inventories for a number of speciﬁc landslide hotspots as model
validation for short-term landslide forecasting (Callerio et al., 2010;
Mercogliano et al., 2010). Full exploitation of the risk management
and assessment capabilities of landslide inventories requires data
appropriate for the application of inventory statistics and susceptibility
mapping. For wider analysis, date, location, size and the type of land-
slide must be routinely recorded, while failure to discriminate between
different landslide classes restricts investigations into trigger
mechanisms and long-term trends. This is easy for modern landslide
inventories; however, historical inventories cover wider areas and
regions and the recording of these indicators is highly variable through
space and time. This wide range of landslide-inﬂuencing factors (which
also include topography and geology) need to be organised and
recorded in a standardised format to ensure that all relevant data are
included (see Fig. 3).
4. Methods
4.1. Landslide databases and inventories in Europe
We created a uniﬁed database (the RI) to address the limitations of
existing landslide inventories. It was compiled from six existing data-
bases together with academic publications (Table 1) with the aim to
consistently record important information (from Fig. 3), maintained in
a uniﬁed language. The identiﬁcation number (ID) for each landslide
was maintained from source, and additionally assigned a new ID value
for the RI. The locations of all landslides within the individual databases
were converted from each inventory's own coordinate reference system
to latitude and longitude coordinates (EPSG – European Petroleum
Survey Group: 4326). The spatial distribution of the RI is highlighted
in Fig. 1, with recorded characteristics shown in Table 2. Somedatabases
included an information column which was explored, translated and
information extracted (particularly the size of the landslide) to the
appropriate columnswithin the RI. In addition to this a literature search
was carried out for academic sources, and Google Earth was used as a
mapping tool; these were exported from Google Earth as Keyhole
Markup Language (.kml) ﬁles to Quantum Geographic Information
Systems (QGIS) where the location was imported into the RI.
4.2. Categorisation of landslides
Landslides are categorised in the RI into nine different classes
(Table 3). Each individual database had its own classiﬁcation system
for different types of landslide and in order to distinguish these for
analysis within the RI, uniﬁed deﬁnitions were created. These classiﬁca-
tions and descriptions are based on a combination of the Varnes (1978)
classiﬁcation system (see also Section 3.1), details from the information
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gamma distribution over a range of magnitudes (M1 to M7; adapted from Malamud
et al., 2004, p. 704).
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and notes columns in contributing databases, and the classes speciﬁed
in each. For the purposes of the analysis of large datasets, such as the
RI, a number of authors have discussed how similarity in process is
necessary for asserting statistical assumptions across datasets, i.e. for
the application of power–law statistics (Malamud et al., 2004; Larsen
et al., 2010); it is for this reason that uniﬁed deﬁnitions were required
(discussed in Sections 4.3 and 4.5).
4.3. Volume–area scaling
A log–linear scaling relationship exists between area and volume for
mass movements of similar process (Larsen et al., 2010):
v ¼ α Aγ ð1Þ
where v = volume, A = area, α = coefﬁcient and γ = scaling
exponent.
This relationship was exploited for landslide classes individually,
and a combined analysis of rotational and translational landslides
(RTL) and slide classes (LSS; cf. Table 3). Landslides with both area
and volume data were plotted and linear models ﬁtted. γ and α from
the linear models were substituted into Eq. (1), and applied to the re-
spective classiﬁcations in the remainder of the RI.
4.4. Temporal recording of landslides in the RI
The temporal range of the individual datasets included was investi-
gated in order to understand how the frequency of recording has
changed over time. The cumulative frequency of landslide occurrence
for each database was calculated at annual resolution, and segmented
models (Muggeo, 2003, 2008)were applied to the data to test for breaks
in linear trends. These distributions were additionally partitioned by
landslide classiﬁcation (cf. Table 3) to determine whether the different
classes have been consistently recorded through time and between
the source datasets. Breaks in the segmentedmodels are taken to repre-
sent periods in time at which there has been a change in the recording
frequency of the different landslide classes.
4.5. Power–law distribution
The frequency–area distribution can be used to quantify the
completeness of a modern inventory and has been shown to follow a
number of different empirical distributions including double Pareto
(Stark and Hovius, 2001) and an inverse Gamma distribution (Malamud
et al., 2004) (Fig. 2); all exhibit a negative power–law relationship
in the tail of the distribution. Given the robustness of this empirical distri-
bution and its applicability across a range of triggers and geologies, a
Fig. 3. Components required for a complete landslide inventory; this format can be adopted to standardise inventories compiled from different sources and for susceptibility, hazard and
risk investigations.
Table 1
Sources used to create the RI were from online databases, research institutes and academic literature.
Source Country Contribution to
inventory (%)
n
National database (Online) French National Database (Bureau de Recherches Géologiques et Minières, 2013a); henceforth BRGM. France 48.4 3836
Geologische Bundesanstalt (2013); henceforth GB. Austria 1.1 85
Research institutes Swiss Flood and Landslide Damage Database of the Swiss Federal Institute for Forest, Snow and
Landscape Research (henceforth WSL; Hilker, N., personal communication)
Switzerland 41.5 3288
Service de Restauration des terrains en Montagne de l’Isere, Grenoble, France (henceforth RTM;
Helmstetter, A., personal communication)
France 1.4 113
Academic sources Barcelonnette database (part of the Safeland Project; Malet, J.-P., personal communication) France 4.1 324
Abele (1974, henceforth Abele; Korup, O., personal communication) Europe 3.3 264
Bertran (2003) France 0.2 1
Casson et al. (2003) 1
Couture et al. (1997) 4
Deline (2009) 3
Meric et al. (2005) 1
Nieuwenhuijezen and Van Steijn (1990) 1
Squarzoni et al. (2005) 1
Those used in the RI predominantly covered the Swiss and French Alps. This table highlights the sources, country of origin, and their contribution to the RI (% and n).
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series of theoretical three-parameter inverse gammadistributions (Fig. 2)
were created across a range of magnitudes (after Malamud et al., 2004,
p. 694) to assess the completeness of the RI.
p AL; ρ; a; sð Þ ¼
1
aΓ ρð Þ
a
AL−s
 ρþ1
exp − a
AL−s
 
ð2Þ
where a = location of maximum probability, Γ(ρ)= gamma function
of ρ which controls the power–law decay, s = parameter controlling
exponential rollover for low area values, and AL = landslide area.
The frequency density for LSS was then calculated following
Malamud et al. (2004, p. 703), and plotted against the theoretical
distributions:
f ALð Þ ¼
δNL
δAL
¼ NLTp ALð Þ ð3Þ
where f(AL) = frequency density of landslide area,
δNL
δAL
= the increment
of landslide number (NL) with increase in AL, NLT = number of land-
slides in inventory, and pAL = probability density for landslides of size
AL.
If we assume that the theoretical distribution is valid for the given
datasets in the RI then we can calculate the expected frequency of
landslides:
LTa ¼
a
ρ−1þ s
 
10ML ð4Þ
where LTa = total area affected by landslides, and ML = maximum
landslide magnitude.
5. Results
5.1. The Regional Inventory (RI)
The databases collated for this inventory include, where possible,
all of the elements speciﬁed in Fig. 3. The RI contains a total of 7919
landslides, of which 56 remain unclassiﬁed, 5239 are RTL, 1588 are
rockfalls, rock slides and rock topples, 549 are debris- or mud-slides,
270 are debris or mud ﬂows, and 217 are complex landslides (see
Fig. 4 and Table 3 for details). For area and volume data the main addi-
tion to the RI came predominantly through extracting data from the in-
formation sections of the source datasets, leading to the addition of 525
area/volume estimates for the WSL database, 15 from the GB (through
the available online literature), 10 for the Barcelonnette database, 10
were extracted from the academic publications, while 265 were
digitised from Abele (1974).
5.2. Volume–area scaling
The log–linear scaling relationship between area and volume was
investigated for all classes of landslide in the RI (after Larsen et al.,
2010). The different classes were analysed individually as they repre-
sent different types ofmovementwith potentially different scaling rela-
tionships. All classes showed a strong positive correlation between area
and volume (Fig. 5). In addition to the analysis of the RTL class, a total of
three slides were added to the analysis (LSS) as these classes present
similar physical mechanisms and so constitute a sensible comparison
(see Table 4 and Fig. 5). The scaling exponents obtained attained for
RTL and LSS are comparable to the range of values obtained by Larsen
et al. (2010) (Table 4 and Fig. 6). The exponents calculated for LSS
(Table 4), applied to data in the RI, resulted in an increase in the number
of available areas from 208 to 688 (Table 5).
Table 2
The attributes recorded within the RI.
Attribute title used in
the RI
Description
lat/lon Latitude and longitude coordinates (EPSG: 4326)
ID ID from original source
ID2 ID relating to the RI
Country Country
Day/Month/Year Date of occurrence
dep_ar Area of deposit as recorded in the databases (m2)
dep_vol Volume of deposit as recorded in the databases (m3)
mvmt/mvmt_cd Description of themovement type from source/associated
code
mvmt_2/mvmt2_cd Broad classiﬁcation of movement type (based on the nine
classiﬁcations)/associated code
ref Reference for the data (academic, online reference, etc.)
slope Angle of slope calculated in QGIS from 90 m SRTM data
aspect Slope aspect calculated in QGIS from 90 m SRTM data
elevation Elevation calculated in QGIS from 90 m SRTM data
urn_litho1/2/3/4/5 Based on geology data from Bureau de Recherches
Géologiques et Minières
L_ID/1/2/3/4 Based on Swiss Topo geology data
geology1/2 Classiﬁcation of main geology type (loose sediment/
sedimentary/metamorphic/igneous), based on Bureau de
Recherches Géologiques et Minières/Swiss Topo geology
data
Those featured are considered to be key components for a complete landslide inventory
(as detailed in Fig. 3) with the addition of complimentary attributes which were available
from the source datasets and other relevant external sources.
Table 3
Different landslide classes and a description for each class based on the Varnes (1978) classiﬁcation aswell as descriptions drawn from the RI sources. A name is given describing the terms
used in the RI (mvmt; Table 2), and the number of landslides in each category (n).
ID Classiﬁcation
(translated from source)
Description Name (material-based
classiﬁcation for RI)
n in RI
1 Landslide Rotational or translational landslide RTL 5239
2 Rockfall landslide Falling rocks and blocks/sliding rock mass Rock 1388
3 Rockfall/Topple Falling/toppling rocks and blocks 163
4 Rockslide Sliding rocks and blocks 37
5 Debris slide Moderate to low water content/some large particles and blocks
entrained material slides downslope
Slides 14
6 Mud slide Moderate to low water content/small unconsolidated material slides downslope 535
7 Debris ﬂow High water content and very liquid in movement
Some large particles and blocks entrained
Flows 236
8 Mud ﬂow High water content and very liquid in movement
Entrained material is ﬁne grained (soil based)
34
9 Complex/Subsidence and
collapse/Bank erosion/Creep
Combination of 2 or more classiﬁcations/rupture of underground cavity/erosion
of banks resulting in slide/slow gravitational creep
Complex 217
0 Unknown Unspeciﬁed in the literature/database Unknown 56
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5.3. Temporal range and landslide recording
Before unifying the database it was necessary to test observation
frequency across the different datasets used. The temporal resolution
of the RI as a whole is highly variable, with some of the oldest landslides
being dated to 1248 AD (in the BRGM and RTMdatabases) and 1451 AD
(Barcelonnette). Despite this long record, the frequency of recording
prior to the 1970s is relatively low, with a sharp increase at this time
(Fig. 7). For example in the BRGM database there were 589 landslides
recorded between 1248 and 1969, and 2511 for the period 1970 to
2010 (Fig. 7). Segmented linear models ﬁtted to cumulative landslide
frequency data for the BRGM and Barcelonette datasets show how
recording frequency has not increased linearly through time (Fig. 7).
In more recent databases, for example the WSL dataset which began
recording in 1972, we observe a simple linear ﬁt, suggesting that this
database has been consistently recorded over this short period of time
(Fig. 7; see also Table 6).
In all cases the segmented models provide a better ﬁt as they
speciﬁcally identify breaks in linear trends, thus detecting changes in
recording frequency (Table 6 and Fig. 7). A number of years with anom-
alously high frequencies of landsliding occur in the latter portion of the
record, in 1990, 1994, and 2000 in the BRGM dataset and in 1999, 2002
and 2005 in the WSL dataset. The changes observed in these years
require further analysis to determine the cause of such a sharp increase
in the numbers of observed landslides; however, the inﬂuence of the
removal of these for the analysis of RTL in the RI resulted in a lowering
of the last break year from 1975 to 1970. For RTL in the BRGM dataset
there was also an earlier linearity and consistency in recording from
1972 onwards as opposed to 1988. In the case of the WSL dataset,
although the removal of these high frequency years resulted in an
earlier break year of 1993, the linear model provides a good ﬁt to the
data suggesting consistent landslide recording from the outset (Table 6).
Considering the landslide classes individually, there is a disparity in
the recording both within and across the respective source datasets,
with differences in the frequency of recording between the different
classes of landslidewithin each dataset. In the case of the BRGMdataset,
landslide recording was low prior to the 1940/1950s and this is consis-
tent across all classes, with the exception of complex which remains
comparatively low and did not see an increase until 1989. Slide and
complex classes are not well documented in this dataset; however,
this may be due to discrepancies between terminologies used at differ-
ent times. For the Barcelonette datasetﬂows are themost commonly re-
corded class which is evident particularly when compared with the
number of RTL and rock classes in this dataset (Fig. 7). Rock landslides
in this dataset show a linearity in recording from 1849, which is much
earlier than the other classes in this dataset, being 1972 for RTL and
1982 for ﬂows. The WSL is maintained for the purpose of insurance
and could be biased towards certain landslide classes which are more
damaging, fast-ﬂowing or less easy to predict or mitigate; these may
naturally be more prevalent in this type of database. For this dataset,
RTL are the most common class, with complex and ﬂows making a
small proportion of the data, only being recorded from 1980 and 1978
respectively. It is clear from this that the different classes are not being
recorded simultaneously within the datasets, and this is potentially an
issue for analyses attempting to understand changes in these over time.
5.4. Power–law distribution
The area–frequency distributions were created following the
volume–area scaling, and using the data set out in Table 5. RTL and
Fig. 4. Completeness of the required ﬁelds within the RI (based on Fig. 3).
Table 4
Estimates of γ and log10(α) (±the standard error for each) attained from each source for RTL and LSS. The R2 statistic for the ﬁt of the linearmodels and the number of landslides used (n)
are also shown. These are displayed along with the Larsen et al. (2010) results of the scaling exponents from investigations of combined datasets.
Source γ log10(α) R2 n
RI Abele (RTL) 1.359 ± 0.100 −0.776 ± 0.625 0.80 50
WSL (RTL) 1.233 ± 0.116 −0.394 ± 0.506 0.78 34
All (RTL) 1.386 ± 0.045 −0.985 ± 0.248 0.92 84
All (LSS) 1.378 ± 0.043 −0.941 ± 0.239 0.92 87
Larsen et al. (2010) Global landslides (all) 1.332 ± 0.005 −0.836 ± 0.015 0.95 4231
Soil landslides 1.09 to 1.40 ± 0.02 −1.48 to−0.37 ± 0.06 0.81 to 0.95 11 to 956
Mixed soil and bedrock inventories 1.36 ± 0.03 to 1.450 −1.131 to−0.59 ± 0.03 0.88 to 0.98 201 to 677
Bedrock landslides 1.34 ± 0.02 to 1.92 ± 0.48 −4.09 ± 3.24 to−0.49 ± 0.08 0.58 to 0.98 11 to 140
Bedrock landslides (Alps and Apennines) 1.60 ± 0.07 −2.36 ± 0.45 0.82 87
403J.L. Wood et al. / Geomorphology 228 (2015) 398–408
slides were combined (LSS) as they represent similar physical mecha-
nisms. The analysis shows that the data collated for the RI ﬁt a range
of theoretical magnitudes from 2 to 7 (Fig. 8), potentially due to the
use of a number of different datasets in the compilation. Analysis of
the main contributors to this distribution (Fig. 9) shows that the Abele
dataset, which includes the largest LSS recorded in the database, causes
the upwards shift in the tail from around 100 km2. TheWSL dataset only
crosses two magnitudes (from 2 to 4) and best ﬁts the log–linear tail of
the theoretical relationship, although the slope of the line is less than
that of the theoretical distribution (Fig. 9). All datasets (except the
Abele dataset) exhibit an exponential-type rollover between 10−4.5
and 10−4 km2, which is lower than that of the theoretical distribution,
occurring at ~10−3 km2 (Figs. 8 and 9). The distributions for the RI,
BRGM and WSL, while exhibiting an exponential rollover and a log–
linear tail, are underrepresented by medium-sized LSS (between 10−4
and 10−1 km2). Conversely, the Abele dataset is centred on recording
large landslides in the Alps and expectedly underrepresents small- to
medium-sized LSS.
Only considering data in the complete portion of the RI (i.e. post-
1970) improves the consistency of the RI data across the magnitudes
compared with all RI data (Fig. 10 and Table 7). The Abele dataset is au-
tomatically excluded as this portion of the RI is part of the undated ~15%
(Fig. 4), while the WSL dataset is unaffected as this was recorded from
1972. The analysis of this portion of the RI therefore consists of mainly
the WSL and BRGM datasets. Including only post-1970 LSS results in an
increase in estimates of completeness for the RI from 2.84% to 13.66%
complete, partly inﬂuenced by the reduction of the estimate of magni-
tude (based on maximum magnitude; cf. Table 7). The low magnitude
range shown for the post-1970 data (Table 7) implies that this portion
of time ﬁts most consistently with the theoretical distribution; however,
there is an under-recording of LSS in the range 10−4 to 10−1 km2
(Fig. 10). Along with the WSL data, the post-1970 BRGM and RI data
show the lowest ranges in magnitude (Table 7).
6. Discussion
We compiled an inventory, the RI, of 7919 landslides in the
European Alps, encompassing a range of landslide classes. Several of
the databases used omitted a large proportion of important landslide
elements such as magnitude, velocity and timing of failure, which are
commonly recorded in modern databases (Sorriso-Valvo, 2002). We
included these metrics where possible, although recording of such
data is inconsistent. For example the BRGM includes a category for land-
slide volume, yet only 7.5% of 3836 (a total of 289) landslides
downloaded for the RI included volume data. Despite these discrepan-
cies, the post-1970 portion of the RI follows the theoretical frequency
distribution (Fig. 10) and is arguably representative of the region,whilst
slightly over-representing the frequency of large landslides.
There is little consistency in recording different types of landslide
across the RI through time (Fig. 7). If we assume that a linear ﬁt to the
cumulative frequency of different landslide classes over time means
that there is uniformity in recording, then we might expect to see the
different datasets recording similar proportions of each class at similar
times. This would result in consistent breaks across all landslide classes
in the segmented models (Table 6 and Fig. 7); however, this does not
happen across all databases. Reasons for this may include that over
the long temporal record of the RI, deﬁnitions have changed or there
have been changes in how landslides are recorded. This premise cannot
be fully tested at this stage as only the relatively short WSL
dataset allows for this further interpretation of landslide classes
(mvmt2/mvmt2_cd; Table 2) due to there being additional notes
which include descriptions of the event.
A self-similar scaling relationship exists between landslide area and
frequency, which manifests a log–linear trend in the tail of the power–
lawdistribution;we have demonstrated that this relationship is present
for the post-1970 portion of the RI dataset (Fig. 10). To demonstrate the
goodness of ﬁt of the RI to the theoretical distribution we assessed the
range of orders of magnitude that the RI distribution crossed; this anal-
ysis showed that the lowest range of magnitudes was provided by the
post-1970 portion of the RI, so best matching the theoretical distribu-
tion (Fig. 10 and Table 7). While the post-1970 portion of the RI is an
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improvement on the distribution, we highlight that a result of ‘no land-
slides’means that no landslide has been recorded, not that no landslide
has occurred. This again potentially introduces a bias towards very large
landslides (as is common in historical datasets) and towards those
which have resulted in damage to life, infrastructure and property; a po-
tential factor in the underestimation of the medium-sized landslides.
The WSL, being an insurance inventory, only records landslides when
a claim ismade. However, LSS recorded in this portion of the RI best rep-
resents the theoretical three-parameter inverse-gamma distribution
(Table 7). In all cases, for the post-1970 portion of the RI, LSS between
10−4 and 10−1 km2 is under-recorded (Fig. 10). The compilation of dif-
ferent datasets still provides a robust and comprehensive inventory,
closely matching the theoretical distribution, and we deduce that this
portion of the RI is therefore applicable for use in susceptibility studies
and hazard assessments.
Database format, differences in language and classiﬁcation and the
inconsistent recording of landslides through time have obscured the
possibility of attributing changes in the frequency and magnitude of
landsliding to climate change. The compilation of the RI has negated
language difference and semantics by interrogating additional informa-
tion provided in individual databases to create a homogenised dataset.
A lack of consistency in the temporal recording of data restricts attempts
to attain a long-termperspective on the frequency of events, as it can be
difﬁcult to distinguish a real increase in frequency from an increase in
recording frequency. The temporal range of the RI is relatively short in
terms of the well-documented (i.e. post-1970) portion of the dataset.
This portion of the dataset is represented by a linear ﬁt (Fig. 7), suggest-
ing linearity in recording, with breaks from segmentedmodels being ef-
fectively used to identify discontinuities in the recording of the RI
(Table 6). These data-gaps could arise due to a number of factors
Table 5
Number of LSS (n) given in each source dataset and the associated range of areas (m2) for each, both before (pre AV) and after (post AV) the application of the scaling relationship.
Pre AV scaling Post AV scaling
Source Given areas (n) Calculated areas (n) Min area (m2) Max area (m2) Min area (m2) Max area (m2) Temporal range
Abele 132 16 55,000 50,000,000 55,000 50,000,000 –
Barcelonette 0 5 – – 20,502.24 493,301.99 1898 to 1989
BRGM 0 70 – – 2.91 493301.99 1948 to 2002
Literature 2 0 500,000 1,100,000 500,000 1,100,000 –
GB 0 9 – – 500.18 2381477.72 1804 to 2010
WSL 74 380 100 1,000,000 7.96 1,000,000 1972 to 2010
Total 208 480
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Fig. 7. Temporal distribution of the uniﬁed RI, as well as the three main contributors to the RI at annual resolution. (Top) Histograms of each dataset, for all landslide classes. (Middle &
bottom) Cumulative distributions of different landslide classes; eachﬁttedwith a linear segmentedmodel (Muggeo, 2003, 2008) to highlight breaks in data recording. All show the timing
of the last break for each landslide class (given in Table 6; dashed black line). The segmented model for the RI, BRGM and WSL landslide classes were recalculated, omitting anomalous
years (as per discussion in this section), the last break from these are also included (RTL exc.⁎; grey lines).
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including land-use change, mitigation works, inconsistencies in record-
ing, and changes in people's perception of risk. The BRGMdataset began
development in 1994 (Bureau de Recherches Géologiques et Minières,
2013b) and as a result one might expect to see an increase in the fre-
quency of recording after this time; however, this is not reﬂected in
the breaks seen in the dataset, suggesting that the dataset is affected
by other unidentiﬁed inﬂuences. Although these all serve to obscure re-
lationships between landslides and climate change,we have shown that
creating a uniﬁed database (RI) can increase the reliability of identiﬁca-
tion of these breaks and consistency in recording.
7. Conclusion
Landslide inventories and databases have the potential to enable us
to develop a better understanding of landslide patterns across regions
and through space and time. These preliminary analyses of a newly
collated database for the European Alps demonstrate the potential
information which can be drawn from a variety of sources. As the RI is
by no means exhaustive, we hope that this highlights the need for
collaboration between researchers and agencies across the European
Alps. With increased input and research into these collations, a greater
understanding of the observed spatial and temporal patterns of
landsliding can be gained. Several workers (e.g. Soldati et al., 2004)
have suggested climate change as a determinant of the occurrence of
landslide clusters. Therefore, greater emphasis on extending landslide
inventories back through time and improving historical datasets in the
EuropeanAlps is important for attributing changes in landslide frequency
and size to changes in the climate of the region. Historical databases can
offer insights into understanding changes in landslide size and spatial
distribution through time, facilitating future research and predictions
in regions such as the Alps for the insurance market and for policy
makers.
The primary aim of this researchwas to construct a uniﬁed database
for the EuropeanAlps to include both long-term records and all relevant
metrics (Fig. 3) to enable a clear indication of the spatial and temporal
patterns of landsliding over the 20th century. Our results show that
we were successful in this for the post-1970 portion of the data, ﬁrstly
from the use of segmented models (Table 6 and Fig. 7) and secondly
through the evidence from the power–law distributions (Figs. 8, 9 and
10). This shows that it is possible to improve records by collating and
analysing existing datasets, which can be greatly facilitated through
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Fig. 10. Area–frequency distribution for the post-1970 RI, BRGM and WSL datasets (for
LSS). We estimate for LSS in the RI that between 86% (post-1970) and 97% (for all dates)
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interdisciplinary and international collaboration. The date of initiation,
landslide size and its classiﬁcation are all important metrics to be
included. Current increases in temperature (e.g. Böhm et al., 2001;
Büntgen et al., 2006) and precipitation variability (e.g. Casty et al.,
2005) across the European Alps, combined with future climate projec-
tions, necessitate an understanding of the relationships between climate
change and landsliding for policy makers and planners; therefore, the
construction of this database is an important step towards analysing
this relationship and offering future predictions.
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Abstract Landslides present a substantial geomorphological hazard in Alpine regions and
there are expectations that climate change will alter their frequency and magnitude in the
future. Understanding the spatial distribution and timing of landslides in the context of past
change is therefore necessary if we are to assess their future behaviour. Using a regional
landslide inventory for the European Alps we analyse the influence of weather types, specifically
the COST733 database, on landslides. Monte Carlo permutation tests are used to assess which
weather types are most likely associated with landslides. Weather types with high precipitation
are consistent with more landslides, although there are also seasonal differences. Over the
duration of the COST733 catalogue there has been a significant decrease in the number of days
with weather types associated with low frequencies of landslides. During the spring and autumn
months, the trend in observed landslide frequency and weather types are well matched. However
while there is potential for weather typing to be used as a proxy for future landslide frequency,
other external factors must be carefully considered.
1 Introduction
Landslides are a serious geomorphological hazard in many of the world’s mountain regions
(Keiler et al. 2010; Malet et al. 2010). In the European Alps, population and infrastructure
growth provides the impetus for better understanding of the pattern of landsliding, triggers, and
efforts required to reduce landslide risk. The climate of the region is changing, and this has
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been implicated in increased landslide risk (Borgatti and Soldati 2010; Crozier 2010; Keiler
et al. 2010). While understanding the spatial distribution of past landslides can help to facilitate
better understanding of regional landslide impacts and triggers, such an analysis can only be
obtained through the use of regional-scale landslide inventories.
Landslides are triggered by a number of factors, including earthquakes (Keefer 2002;
Malamud et al. 2004; Meunier et al. 2008), rainfall (Iverson 2000; Zêzere et al. 2005;
Guzzetti et al. 2007; Keefer and Larsen 2007; Marques et al. 2008), temperature change
(Dehn and Buma 1999; Chemenda et al. 2005), glacial recession and permafrost degradation
(Dramis et al. 1995; Stoffel et al. 2014) and anthropogenic factors such as the removal of slope
toes at road cuts (Barnard et al. 2001). For landslides, the hydro-meteorological trigger is often
rainfall (Jakob and Weatherly 2003; Farahmand and Aghakouchak 2013), and empirical
rainfall thresholds are often used to define minimum triggering conditions for landslides
(Peruccacci et al. 2012); however these are often localized, and depend greatly on the quality
of rainfall data (Gariano et al. 2015). The use of broader scale atmospheric conditions can
alleviate this problem although, to date, few studies have addressed this issue (e.g. Nikolopoulos
et al. 2015).
Synoptic weather types provide a way in which to classify atmospheric circulation into a
number of discrete types, providing a widely used tool for analysing weather and climate
conditions. Synoptic weather types have also been proposed as an effective method of
downscaling Global Climate Model outputs (Conway and Jones 1998). A number of authors
have noted that the proportion of weather types can change over time, with different circulation
patterns becoming more (or less) frequent. Paredes et al. (2006) found a decrease in March
weather types, in the Iberian Peninsula, that were major rainfall contributors, matched with
50 % decline in accumulated precipitation for the period 1960–97, whilst Boé and Terray
(2008) found a difference in the frequency of weather types in France over the 20th Century,
producing an increase in precipitation in northern France, and a decrease in the South. Under a
changing climate, it is probable that the proportion of weather types in regions, such as the
European Alps, has and will change in the future (Lopez Saez et al. 2013).
This paper assesses the links between synoptic weather types and landslide occurrence.
Using the ERA40 reanalysis dataset provided by the European Centre for Medium-Range
Weather Forecasts (Uppala et al. 2005), the European Cooperation in Science and Technology
Action 733 (COST733) provides a classification catalogue for synoptic weather in Europe
(from September 1957 to August 2002; Philipp et al. 2010). Using this catalogue alongside the
landslide inventory for the European Alps (Wood et al. 2015), the temporal and spatial
distribution of landslides and historical trends in weather types are analysed. Given that
weather typing has been shown to be an appropriate downscaling tool for climate models
(Conway and Jones 1998), we hope that this research will help to pave the way to assessing
future landslide hazard in the region through the use of future climate scenarios.
2 Methods
2.1 Landslide inventory
The landslide inventory used covers the French and Swiss portion of the European Alps
(Fig. 1a) and is a collation of existing inventories from academic, national online datasets,
research institutes and from the insurance industry (Wood et al. 2015). There are a total of
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7919 records in the inventory, of which 5040 include landslide location and exact date of
occurrence. Landslides in the inventory are classified according to Varnes (1978) classification
system; 31 remain unclassified, 744 are rock falls, slides and topples, 254 recorded mud/debris
flows and 59 complex landslides with the remaining 3952 rotational or translational landslides
(henceforth referred to as ‘landslides’; Wood et al. 2015). It is due to the scarcity of data in the
other classes that only rotational and translational landslides are considered in this study.
Based on magnitude/frequency statistics (Malamud et al. 2004) the post-1970 portion of
the inventory is considered to be most complete (Wood et al. 2015), and so this portion
of the inventory (2966 landslides) is used in this study. Given the incidence of seismic
activity in the European Alps, the inventory was assessed for earthquake-triggered landslides
(see Supplementary Material, Text S1); no landslides were identified as being triggered by
earthquakes from this analysis.
2.2 COST733 synoptic weather types and landslide occurrence
The COST733 catalogue is a catalogue of synoptic weather in Europe. This catalogue has
5076 different classifications, each using one of 17 automated or five subjective methods of
classification (Philipp et al. 2010). The classifications use one of 12 European Domains in
Fig. 1b, in order to cover different spatial scales and regions; from the whole of Europe (D00)
down to smaller regions such as the European Alps (D06; Philipp et al. 2010). Each of the
5076 classifications is divided into nine, 18 or 27 different weather types to capture the
majority of variation in atmospheric circulation patterns across the year. There are also
seasonal classifications which includes 28 weather types, with seven types for each season.
Brier Skill Scores (BSS) are a skill score used for the evaluation of binary probabilistic or
ensemble forecasts (Brier 1950; Schiemann and Frei 2010), and were calculated for all
classifications (n = 5076; including both yearly and seasonal classifications) across all domains
(D00-D11) for landslide occurrence during the period 1970–2002. For the top five ranking
COST733 classifications (identified by the BSS), Monte Carlo Permutation (MCP) tests were
used to identify the number of days under each weather type with significantly (p < 0.01, two-
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Fig. 1 a The COST733 catalogue, subdivided into 12 domains (D00 to D11), covering a range of regions at
different spatial scales, from the whole of the Europe s (D00) down to smaller regions such as the European Alps
(D06). b The extent of the landslide inventory (green) and COST733 domains, which cover all (D06 and D07) or
a portion (D04, D09 and D10) of the area included in the inventory
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tailed test) greater than expected numbers of landslides (LsD), and those with significantly
lower numbers (LLsD), seasonally. For this, 1000 random permutations were applied
in which random dates during the period 1970–2002 were assigned to each landslide
(providing a random sample of COST733 weather types for each permutation). In this, the
number of landslides occurring under each weather type was calculated for each permutation,
and 99% confidence intervals derived; observed landslide numbers from the inventory for each
weather type were compared with these confidence intervals to test the hypothesis that
landslides are more (or less) likely to occur under certain synoptic weather types than would
be expected by chance.
2.3 Trends in COST733 weather types and landsliding through time
To test the hypothesis that the frequency of weather types associated with landsliding will have
changed seasonally under a changing climate, weather types most commonly associated with
increased landslide frequency (LsD; for each season) were selected. The frequency of the
selected weather types were assessed for the period 1970–2002 using linear regression in order
to analyse changes over time. The analysis was done only for the best performing classification
and on a seasonal basis. Linear regression was also performed on landslide occurrence for the
same period on a seasonal basis. The frequency of the selected weather types was also assessed
over the duration of the COST733 catalogue (September 1957 to August 2002) in order to
detect any changes in trend over this longer time period (results for this are given in the
Supplementary Materials; Text S2).
3 Results and discussion
3.1 COST733 synoptic weather types and landslide occurrence
Overall, the majority of landslides recorded occurred during the spring (March/April/May;
~29 %) and summer (June/July/August; ~36 %), with the lowest numbers recorded during
autumn (September/October/November; ~15 %) and winter (December/January/February;
~20 %). To overcome issues surrounding the use of a large dataset that includes many
classification methods, Brier Skill Scores were used to assess the predictive ability of each
of the 5076 different classifications. 67 % of the top 100 COST733 classifications fell in
domains centred over the European Alps and include all of the areas covered by the inventory
(D06 and D07), with the remaining 33 % falling in domains which included a portion of the
landslide inventory (D09, D10 or D00; c.f. Figure 1a). The top 100 COST733 classifications
were automated classifications, with 72 % using a form of optimization classification
(Philipp et al. 2010, 2014). The subjective Gross-Wetter types, usually used in Europe,
ranked relatively highly whilst other subjective classifications (such as the Perret, Schüepp
and Péczely) did not perform as well (Table 1); although less than 2 % of the COST733
catalogue are subjective.
Of the different classification methods, those which include a seasonal component perform
best (76 % of the top 100), implying a strong seasonal signal in landslide frequency. The top
five ranking classifications (based on the BSS) were all seasonal classifications (Table 1);
therefore the MCP tests were run separately for each season. MCP tests carried out on the top
five classifications highlight that a number of weather types have more landslides recorded
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than would be expected; identifying weather types with anomalously high precipitation across
the extent of the landslide inventory are associated with greater than expected numbers of
landslides (LsD), whilst weather types with anomalously low precipitation were consistent
with lower than expected numbers of landslides (LLsD) across all seasons (Figs. 2 and 3).
There is also a noticeable difference in temperature between LsD and LLsD, with colder
temperatures prevailing with higher landslide numbers, and the opposite for low landslide
numbers.
The classification with the greatest skill was located in D06 (centred over the European
Alps; Fig. 1a; Table 1), suggesting that the application of the BSS were effective. It is a
seasonal classification with 28 weather types; seven types for each season. The classification
uses a k-means algorithm, using dissimilar pressure fields (Philipp et al. 2010). The results of
the MCP tests for this classification are representative across all of the top five ranking
classifications (Table 1) and so only this top ranking classification for the period 1970–2002
will be considered in the following sections (the results for the period 1957–2002 can be found
in Supplementary Materials Text S2).
During the summer, the Azores anticyclone (type #15; Figure S2) is the most common
weather type (>20 % of days), but associated with comparatively few recorded landslides
(<9 % of days; Table 2). In comparison, the least frequently recorded weather type during the
summer (type #21; Table 2) had landslides recorded on >20 % of days, giving it the highest
probability of landslides, with observed landslide numbers exceeding that which would be
expected from the MCP analysis. This weather type follows a Meridional pattern, with an
Azores anticyclone and central Europe low, associated with anomalously high precipitation
over the Alps and colder than average temperatures (Fig. 2). A high number of landslides are
also recorded under weather type #16, despite a widespread low precipitation anomaly over
central Europe (Figure S1; Table 2). This weather type has highmean sea level pressure over the
Alps, combined with higher temperatures, and low pressure systems over the Mediterranean;
Table 1 The results of the Brier Skill Score (BSS) analysis (1970–2002). The top classifications are all
automated, while the best of the subjective classifications are highlighted in the shaded rows. Rank is based
on the BSS result, name is from the COST733 catalogue
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often associated with convective storms and heavy downpours in the region (Rudolph and
Friedrich 2011; Stoffel et al. 2011) potentially causing the high landslide numbers observed. In
contrast, the anticyclone over central Europe (type #18; Fig. 3), is dominated by dryer than
average conditions and warmer temperatures over the Alps, and is associated with low landslide
numbers.
In spring there was one weather type associated with higher than expected landslides.
More than 42 % of landslides during spring (n = 373) were recorded under a westerly
pattern (type #10; Fig. 2), which brings anomalously high precipitation to the Alps. In contrast,
the Azores anticyclone pattern (type #08) includes <13 % of spring-time landslides, and
features low precipitation over the region and higher than average temperatures (Fig. 3).
During the autumn months, around 60 % of all landslides are recorded under westerly
patterns (types #25 and #26). These are associated with anomalously high precipitation centred
over the Alps, and lower than average temperatures (Figs. 2 and S1). In contrast to this,
the central Europe blocking high (type #24; Fig. 3) features anomalously low precipitation
over the Alps and warmer temperatures, and includes <3 % of landslides recorded during
the autumn.
During the winter, the majority of landslides (>60 %; Table 2) were recorded under either
winter westerlies (type #05; Fig. 2) or a central Europe low (type #06; Figure S1); both of
which bring anomalously high precipitation to the Alps and lower than average temperatures.
Around a quarter of landslides recorded in the winter occurred during the winter of 1990, and
coincide with a heavy precipitation event (Isotta et al. 2014; see also Supplementary Text S3).
Significantly low landslide numbers (~4 % of the total) were recorded under a blocking high
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Fig. 2 COST733 weather types generated from the European ERA40 reanalysis dataset which are associated
with the highest probability of a landslide (LsD) for each of the four seasons (based on the MCP analysis). (top)
Mean sea level pressure (MSLP; with red indicating high pressure and blue, low), (middle) precipitation anomaly
(blue areas indicate a positive anomaly whilst red, negative), (bottom) temperature anomaly (with red areas
indicative of a positive temperature anomaly and blue a negative anomaly)
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(type #02; Fig. 3), characterised by anomalously low precipitation and higher temperatures;
consistent with other seasons.
For each season there was variation in weather types associated with higher than expected
frequencies of landsliding; with higher precipitation anomalies being generally associated with
higher frequencies of landsliding. It is possible for landslides that occurred in the morning, that
the previous days weather type would have been more appropriate to use (the issue of
antecedent conditions), however due to the persistence of the weather types, this should be a
minor factor. It is also possible that the persistence of the weather types themselves are
important, such as precipitation over several days, or anomalously warm temperatures in
winter or spring. The analysis of weather types over multiple days is therefore an avenue for
future research.
3.2 Trends in COST733 weather types and landsliding through time
Linear regression was used to detect changes through time in the frequency of the 28 weather
types from the top ranking classification (Table 1). Only four weather types had either a
significant decrease or increase in frequency (1970–2002; Table 3 and Fig. 4). During the
spring and autumn months, an increase in recorded landslide numbers (Figure S5) is reflected
in the decrease in the number of days associated with low landslide numbers (Fig. 4a). During
the spring this specifically occurs with a significant decrease in the number of days associated
with a central European low (type #12; Table 3; Figs. 4a and S3). During the autumn, there has
also been a general increase in the frequency of landslides (although not significantly), with the
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Fig. 3 COST733 weather types generated from the European ERA40 reanalysis dataset which are associated
with a lower frequency of landslides days (LLsD) than would be expected (based on the MCP analysis). (top)
Mean sea level pressure (MSLP; with red indicating high pressure and blue, low), (middle) precipitation anomaly
(blue areas indicate a positive anomaly whilst red, negative), (bottom) temperature anomaly (with red areas
indicative of a positive temperature anomaly and blue a negative anomaly)
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majority of weather types associated with low landslide numbers having decreased (Table 3).
In particular, the central Europe blocking high (type #24) has significantly decreased in
frequency for the period 1970–2002 (Fig. 4a).
During the winter months, winter westerlies are represented by two weather types (both
associated with an expected number of landslides based on the MCP analysis); type #03,
featuring warmer temperatures over the Alps and negative precipitation anomaly and type #01,
also with warmer temperatures, but with a high precipitation anomaly over the Alps (Figure S2).
Table 3 Changes in the frequency of weather types, and seasonal landslide frequency for the period 1970–2002.
The slope of the regression line is indicative of the observed trend. Significant changes (p < 0.05) are highlighted
by the grey shading
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The frequency of type #03 has significantly increased (Fig. 4b and Table 3) (consistent with the
1957–2002 trend; Table S2), while the frequency of type #01 has significantly decreased. During
the winter months there has been an overall increase in the number of landslides recorded
between 1970 and 2002 (Figure S5) whilst weather types (#05 and #06) associated with high
landslide numbers, have been decreasing in frequency and types associated with low landslide
numbers have been increasing (types #02 and #04; Table 3). This disjuncture between observa-
tion (of landslides) and inference (of more or less landslides) based on trends in weather patterns,
highlights the importance of additional factors that predispose a slope to landslides, such as
antecedent weather conditions, local geology and topography. Considering weather patterns on
the day of failure is instructive but limited in its predictive ability without consideration of these
additional factors.
4 Conclusions
We have demonstrated a relationship between synoptic weather and the incidence of landslides
in the European Alps, and have shown that a number of weather types are related to a higher
than expected number of landslides in the region. We found that weather types with
patterns of high precipitation across the Alps were consistent with higher numbers of
recorded landslides across all seasons, demonstrating that synoptic weather types can be
effectively used as predictors of landslide occurrence. Precipitation patterns are hard to
predict at the small-scale, particularly when considering future predictions under a changing
climate. Precipitation, particularly extreme events, is less well constrained in climate models
than temperature (e.g. Beniston et al. 2007; Kjellström et al. 2011; Gobiet et al. 2014) and
the use of weather types presents an alternative approach to these challenges posed as well as
the potential for weather typing being used as a predictive tool for landslide events under
differing future climate scenarios.
We have shown that over the duration of the COST733 catalogue, the number of days
associated with different weather types has fluctuated over time and this has the potential to
change in the future with the changing climate. Based on the analyses presented here,
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Fig. 4 Significant changes in the frequency of weather types for (a) weather types associated with lower than
expected recorded landslide numbers and (b) weather types associated with expected numbers of recorded
landslides (not LsD or LLsD) for the period 1970–2002
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landslides have been shown to occur under all weather types, but are more likely under some
weather types; with westerly patterns resulting in higher landslide frequencies from autumn to
spring, and a Meridional pattern, with an Azores anticyclone and central Europe low weather
during the summer months. Furthermore, while recent trends in summer landslides are well-
matched with trends in weather types associated with higher landslide numbers, there is a
mismatch for winter weather types and winter landslides; this could be due to snow cover
acting as a stabilising factor. It is clear that other factors (such as rainfall persistence, geology
and topography) play an important role which we hope to address in future research. The role
of large-scale climatic systems such as the North Atlantic Oscillation the issue of antecedence
are also fruitful avenues for future research.
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Supplementary material 
This document contains a number of figures and tables to support the main paper.  
Text S1: Earthquakes 
Given the incidence of seismic activity in the Alps, it is important to distinguish landslides which are potentially 
triggered by earthquakes. The USGS Earthquakes Hazard Programme catalogue was downloaded for the period 
1969 to 2002, for an area covering 38°N to 53°N and 1°E to 21°E. Earthquakes ≥M4 are capable of triggering 
landslides (Malamud et al. 2004; Sidle and Ochiai 2006) within a finite area (as defined by Keefer 2002): 

 = 	 − 3.46±0.47        (Eq. S1)  
where A’ is the potential area affected and M is earthquake magnitude ≥M4.  Landslide locations from the 
inventory were analysed with the USGS catalogue to highlight any landslides triggered on the same day, and in 
the week, month or year following an earthquake. We found that no landslides intersected the areas defined by 
Equation S1 within these time-frames, and so all landslides were included in the analyses. 
Text S2: 1957 to 2002 
The COST733 database is available for the period September 1957 to August 2002. The earliest recorded 
landslide in the inventory is 1248, although the majority of the inventory remains incomplete prior to the 1970's. 
The Monte Carlo Permutation test was carried out on the dataset for the full time period (1957-2002) to see if 
this had an effect on the results. The results showed that only two weather types - a blocking pattern with an 
anticyclone over the British Isles, and a central European anticyclone connected with Azores high - were 
affected by the longer time-period used. The results still showed these to be associated with low landslide 
numbers, but the location of these in the table just switched over (Table S1); both also feature low precipitation 
anomalies across the extent of the region covered by the landslide inventory. As the difference in using all data 
available compared with the post-1970 data is negligible, using the full extent of the available inventory and 
COST733 catalogue had little effect on the outcome of the MCP tests. 
Text S3: Winter precipitation winter event (February 1990) 
The winter of 1990 accounts for ~25% of all landslides recorded during the winter months.  Further analysis 
shows that ~90% of these occurred on the 13th (type #06), 14th and 15th (both type #05) February, 1990. This 
anomalously high rainfall event has also been documented in a paper by Isotta et al. (2014, Figure S4). The 
high-resolution grid dataset from pan-Alpine rain-gauge data used in the study, exhibits a consistency with the 
high rainfall anomaly of synoptic weather types #06 (Figure S2) and #05 (Figure 2). 
Text S4: COST733 weather types through time (1957-2002) 
In line with Text S2, linear regression was used to detect changes through time in the frequency of the 28 
weather types from the top ranking classification (Table 1). Only four weather types had either a significant 
decrease or increase in frequency between 1957-2002 (Table 3). During summer, the number of days associated 
with an Azores anticyclone (type #16; Figure S2; associated with higher numbers of observed landslides) 
significantly increased in frequency over the duration of the COST733 catalogue, whilst the Meridional pattern, 
with an Azores anticyclone and central Europe low weather (type #21; Figure 2; LsD) decreased over time, 
although not significantly (Table 3, Figure 4a). The summer the anticyclone over central Europe (type #18, 
associated with low landslide numbers; LLsD) increased in frequency; although not significantly (p=0.168). 
This increase (type #16) and decrease (type #21) in weather types associated with LsD, is reflected in recorded 
landslide numbers, which have not changed over time (Figure 5).   
 
  
Figure S1. COST733 types discussed in the main paper. (top) Mean sea level pressure (MSLP; with red 
indicating high pressure and blue, low), (middle) precipitation anomaly (blue areas indicate a positive anomaly 
whilst red, negative), (bottom) temperature anomaly (with red areas indicative of a positive temperature 
anomaly and blue a negative anomaly). Weather types in which the number of recorded landslides exceeded that 
which would reasonably be expected based on the MCP tests for summer (type #16), autumn (type #26) and 
winter (#type 06). These typically feature high precipitation anomalies over the European Alps with the 
exception of the summer weather type (#16) which features high mean sea level pressure over the Alps, 
combined with higher temperatures, and low pressure systems over the Mediterranean which are associated with 
convective storms and heavy downpours in the region.  
 
 
 
Figure S2. COST733 types discussed in the main paper. (top) Mean sea level pressure (MSLP; with red 
indicating high pressure and blue, low), (middle) precipitation anomaly (blue areas indicate a positive anomaly 
whilst red, negative), (bottom) temperature anomaly (with red areas indicative of a positive temperature 
anomaly and blue a negative anomaly). For summer (type #15) and winter (types #03 and #01) there were a 
number of weather types in which the number of landslides recorded fell within the range that would reasonably 
be expected based on the MCP tests.  
 
  
Figure S3. COST733 types discussed in the main paper. (top) Mean sea level pressure (MSLP; with red 
indicating high pressure and blue, low), (middle) precipitation anomaly (blue areas indicate a positive anomaly 
whilst red, negative), (bottom) temperature anomaly (with red areas indicative of a positive temperature 
anomaly and blue a negative anomaly). For the spring (type #12) and winter (type #04), significantly lower 
recorded landslide numbers than the MCP tests predicted were recorded under weather types which feature low 
precipitation anomalies over the European Alps.  
 
 
 
 
Figure S4 (personal communication, F. Isotta). An anomalously high precipitation event of the 13th and 14th 
February, 1990 was captured in an analysis by Isotta et al. (2014). Precipitation data (taken from Isotta et al., 
2014) is summed over the two days and displayed as total precipitation (mm). 
 
Figure S5. Annual landslide frequency for spring (green), autumn (brown) and winter (blue) with regression 
lines fitted to indicate the overall trend of the landslide inventory (1970-2002). 
 
 
 
 
 
Table S1. The change between the 1970-2002 and the 1957-2002 analysis was negligible, with a difference in 
weather types only occurring during the spring. This difference is highlighted in grey whereby weather types 13 
and 14 have switched places in the results; both are still associated with anomalously low landslide numbers 
(see also Text S2). 
 Spring (1970-2002) Spring (1957-2002) 
 LsD   LLsD LLsD LLsD LLsD LsD   LLsD LLsD LLsD LLsD 
COST type 10 11 9 12 14 13 8 10 11 9 12 13 14 8 
Observed 
landslides (n) 373 126 132 57 29 41 113 375 126 137 57 43 29 116 
Observed LsD 
(n) 101 55 69 39 25 31 83 103 55 73 39 33 25 86 
Total n days for 
weather type 549 369 547 358 272 322 619 740 506 759 472 432 366 865 
Expected 
number of 
landslides 
(mean, MCP) 
157 106 156.7 102.9 77.8 92.81 177.8 157.8 108.3 161.7 100.8 92.3 78.03 184.1 
Expected lower 
limit (0.5% 
confidence, 
MCP) 
129 83 128 80 58 70 150 129 81 130 78 70 58 155 
Expected higher 
limit (0.5% 
confidence, 
MCP) 
184 128 187 128 101 119 207 192 136 191 125 114 101 214 
Observed LsD 
(%) 18.40 14.91 12.61 10.89 9.19 9.63 13.41 13.92 10.87 9.62 8.26 7.64 6.83 9.94 
 
 
 
 
 
 
 
 
Table S2. Changes in the frequency of weather types over the duration of the COST733 catalogue (1957-2002). 
The slope of the regression line is indicative of observed trend. Significant changes (p<0.05) are highlighted by 
the grey shading. 
  
1957-2002 
 
COST733 
weather type 
(#) 
Slope p-value LsD/LLsD 
Winter 
1 -0.114 0.099   
2 0.191 0.08 LLsD 
3 0.177 0.003   
4 0.141 0.026 LLsD 
5 -0.128 0.025 LsD 
6 -0.111 0.053 LsD 
7 -0.078 0.224 LLsD 
Spring 
8 -0.053 0.469 LLsD 
9 0.106 0.139   
10 0.119 0.105 LsD 
11 -0.006 0.916   
12 -0.036 0.566 LLsD 
13 0.115 0.087 LLsD 
14 0.01 0.843 LLsD 
Summer 
15 0.029 0.627   
16 0.162 0.026 LsD 
17 0.057 0.381   
18 0.095 0.168 LLsD 
19 -0.039 0.490 LLsD 
20 -0.003 0.956 LLsD 
21 -0.052 0.203 LsD 
Autumn 
22 -0.156 0.069 LLsD 
23 -0.013 0.854 LLsD 
24 -0.069 0.391 LLsD 
25 0.003 0.969 LsD 
26 -0.037 0.454 LsD 
27 0.054 0.296 LLsD 
28 -0.035 0.506 LLsD 
 
References 
1. Isotta FA, Frei C, Weilguni V et al. (2014) The climate of daily precipitation in the Alps: development 
and analysis of a high-resolution grid dataset from pan-Alpine rain-gauge data. International Journal of 
Climatology 34, 1657-1675. 
2. Keefer DK (2002) Investigating landslides caused by earthquakes - a historical review. Surveys in 
Geophysics 23, 473-510. 
3. Malamud BD, Turcotte DL, Guzzetti F, Reichenbach P (2004) Landslides, earthquakes, and erosion. 
Earth and Planetary Science Letters 229, 45-59. 
4. Sidle RC, Ochiai H (2006) Landslides: processes, prediction, and land use. Vol. 18, American 
Geophysical Union. 
M
a
ss
 M
o
v
e
m
e
n
t 
In
v
e
n
to
ri
e
s 
fo
r 
C
li
m
a
te
 R
e
se
a
rc
h
 i
n
 t
h
e
 E
u
ro
p
e
a
n
 A
lp
s 
 
W
o
o
d
, 
J.
L.
1
, 
H
a
rr
is
o
n
, 
S
.H
1
, 
R
e
in
h
a
rd
t,
 L
.1
 a
n
d
 T
u
rk
in
g
to
n
, 
T.
A
.R
.2
 (
2
0
1
3
) 
1
 U
n
iv
e
rs
it
y
 o
f 
E
xe
te
r,
 U
K
. 
2
 U
n
iv
e
rs
it
y
 o
f 
Tw
e
n
te
, 
N
L.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
H
2
1
A
-1
5
0
8
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C
o
n
ta
ct
: 
 J
.L
.W
o
o
d
@
E
xe
te
r.
a
c.
u
k
 
R
e
fe
re
n
ce
s 
[1
] 
M
u
g
g
e
o
 (
2
0
0
8
).
 S
e
g
m
e
n
te
d
: 
a
n
 R
 P
a
ck
a
g
e
 t
o
 F
it
 R
e
g
re
ss
io
n
 M
o
d
e
ls
 w
it
h
 B
ro
ke
n
-L
in
e
 R
e
la
3
o
n
sh
ip
s.
 R
 N
e
w
s 
8
/1
, 
2
0
-2
5
. 
U
R
L:
  
h
6
p
:/
/c
ra
n
.r
-p
ro
je
ct
.o
rg
/d
o
c/
R
n
e
w
s/
. 
 
[2
] 
S
ch
ie
m
a
n
n
 a
n
d
 F
re
i 
(2
0
1
0
).
 H
o
w
 t
o
 q
u
a
n
3
fy
 t
h
e
 r
e
so
lu
3
o
n
 o
f 
su
rf
a
ce
 c
li
m
a
te
 b
y
 c
ir
cu
la
3
o
n
 t
y
p
e
s:
  
A
n
 e
xa
m
-
p
le
 f
o
r 
A
lp
in
e
 p
re
ci
p
it
a
3
o
n
. 
P
h
y.
 C
h
e
m
. 
o
f 
E
a
rt
h
 3
5
, 
4
0
3
-4
1
0
. 
[3
] 
C
O
S
T
7
3
3
 (
2
0
1
3
).
 U
R
L:
  
h
6
p
:/
/c
o
st
7
3
3
.g
e
o
.u
n
i-
a
u
g
sb
u
rg
.d
e
/c
o
st
7
3
3
w
ik
i/
C
o
st
7
3
3
C
a
t2
.0
. 
 
[4
] 
S
to
ﬀ
e
l 
e
t 
a
l 
(2
0
1
1
).
 R
a
in
fa
ll
 c
h
a
ra
ct
e
ri
s3
cs
 f
o
r 
p
e
ri
g
la
ci
a
l 
d
e
b
ri
s 
ﬂ
o
w
s 
in
 t
h
e
 S
w
is
s 
A
lp
s:
 p
a
st
 i
n
ci
d
e
n
ce
s 
 -
 p
o
-
te
n
3
a
l 
fu
tu
re
 e
v
o
lu
3
o
n
s.
 C
li
m
. 
C
h
a
n
g
e
 1
0
5
, 
2
6
3
-2
8
0
. 
[5
] 
R
u
d
o
lp
h
 e
t 
a
l.
, 
(2
0
1
0
).
 R
e
la
3
o
n
sh
ip
 b
e
tw
e
e
n
 r
a
d
a
r-
e
s3
m
a
te
d
 p
re
ci
p
it
a
3
o
n
 a
n
d
 s
y
n
o
p
3
c 
w
e
a
th
e
r 
p
a
6
e
rn
s 
in
 
th
e
 E
u
ro
p
e
a
n
 A
lp
s.
 U
R
L:
  
h
6
p
:/
/a
to
c.
co
lo
ra
d
o
.e
d
u
/~
fr
ie
d
ri
k
/P
U
B
LI
C
A
T
IO
N
S
/2
0
1
0
_
E
R
A
D
_
R
u
d
o
lp
h
.p
d
f.
  
R
e
su
lt
s 
1
 
In
tr
o
d
u
c1
o
n
 
M
e
th
o
d
s 
C
o
n
cl
u
si
o
n
s 
F
u
rt
h
e
r 
w
o
rk
 a
n
d
 a
ck
n
o
w
le
d
g
e
m
e
n
ts
 
H
ig
h
 m
a
ss
 m
o
v
e
m
e
n
t 
d
a
y
s 
(S
u
m
m
e
r)
 
Lo
w
 m
a
ss
 m
o
v
e
m
e
n
t 
d
a
y
s 
(S
u
m
m
e
r)
 
Lo
w
 m
a
ss
 m
o
v
e
m
e
n
t 
d
a
y
s 
(S
p
ri
n
g
) 
H
ig
h
 m
a
ss
 m
o
v
e
m
e
n
t 
d
a
y
s 
(S
p
ri
n
g
) 
HIGH TEMPERATURES 
LOWER TEMPERATURES 
HIGH PRECIPITATION 
HIGH MSLP HIGH TEMPERATURE 
HIGH MSLP LOW PRECIPITATION AVERAGE TEMPERATURE 
M
S
LP
 t
y
p
e
 #
0
1
 
M
S
LP
 t
y
p
e
 #
0
2
 
M
S
LP
 t
y
p
e
 #
0
5
 
P
R
C
a
n
o
 t
y
p
e
 #
0
5
 
P
R
C
a
n
o
 t
y
p
e
 #
0
2
 
P
R
C
a
n
o
 t
y
p
e
 #
0
1
 
2
m
Ta
n
o
 t
yp
e
 #
0
5
 
2
m
Ta
n
o
 t
yp
e
 #
0
2
 
2
m
Ta
n
o
 t
yp
e
 #
0
1
 
2
m
Ta
n
o
 t
yp
e
 #
1
3
 
2
m
Ta
n
o
 t
yp
e
 #
1
8
 
2
m
Ta
n
o
 t
yp
e
 #
2
5
 
P
R
C
a
n
o
 t
y
p
e
 #
1
3
 
P
R
C
a
n
o
 t
y
p
e
 #
1
8
 
P
R
C
a
n
o
 t
y
p
e
 #
2
5
 
M
S
LP
 t
y
p
e
 #
2
5
 
M
S
LP
 t
y
p
e
 #
1
8
 
M
S
LP
 t
y
p
e
 #
1
3
 
•
 
6
2
%
 o
f 
M
M
 i
n
 t
h
e
 R
I 
o
cc
u
r 
in
 s
u
m
m
e
r 
&
 s
p
ri
n
g
 (
2
3
2
7
 o
u
t 
o
f 
a
 t
o
ta
l 
o
f 
3
7
4
4
).
 
•
 
B
ri
e
r 
S
k
il
l 
S
co
re
s 
fo
r 
e
a
ch
 C
O
S
T
7
3
3
 c
la
ss
 s
h
o
w
 o
p
3
m
iz
a
3
o
n
 i
s 
th
e
 b
e
st
 c
la
ss
iﬁ
ca
3
o
n
 
sy
st
e
m
; 
w
it
h
 a
ll
 o
f 
th
e
 t
o
p
 c
la
ss
e
s 
fa
ll
in
g
 i
n
 D
o
m
a
in
 0
6
 (
F
ig
.1
).
  
•
 
X
2
 t
e
st
, 
fo
r 
th
e
 C
O
S
T
7
3
3
 c
la
ss
 w
it
h
 t
h
e
 h
ig
h
e
st
 B
S
S
, 
sh
o
w
s 
a
 s
ig
n
iﬁ
ca
n
t 
d
iﬀ
e
re
n
ce
 
(p
<
0
.0
0
0
1
) 
b
e
tw
e
e
n
 w
e
a
th
e
r 
ty
p
e
s 
o
n
 m
a
ss
 m
o
v
e
m
e
n
t 
d
a
y
s 
(M
M
d
) 
o
p
p
o
se
d
 t
o
 
o
n
 n
o
 m
a
ss
 m
o
v
e
m
e
n
t 
d
a
y
s 
(n
o
 l
a
n
d
sl
id
e
s 
re
co
rd
e
d
) 
d
u
ri
n
g
 t
h
e
 3
0
-y
e
a
r 
p
e
ri
o
d
. 
•
 
M
o
n
te
 C
a
rl
o
 s
im
u
la
3
o
n
 i
d
e
n
3
ﬁ
e
d
 w
e
a
th
e
r 
ty
p
e
s 
w
h
ic
h
 h
a
v
e
 s
ig
n
iﬁ
ca
n
tl
y
 g
re
a
te
r 
th
a
n
 e
x
p
e
ct
e
d
 f
re
q
u
e
n
ci
e
s 
o
f 
M
M
 (
tw
ic
e
 t
h
e
 l
o
n
g
 t
e
rm
 m
e
a
n
) 
a
n
d
 t
h
o
se
 w
h
ic
h
 
h
a
ve
 s
ig
n
iﬁ
ca
n
tl
y
 l
o
w
e
r 
th
a
n
 e
x
p
e
ct
e
d
 f
re
q
u
e
n
ci
e
s 
(a
 t
h
ir
d
 l
o
w
e
r 
th
a
n
 t
h
e
 m
e
a
n
).
 
S
u
m
m
e
r 
•
 
H
ig
h
 p
re
ci
p
it
a
1
o
n
 c
o
rr
e
la
te
s 
w
it
h
 a
 h
ig
h
e
r 
fr
e
q
u
e
n
cy
 o
f 
M
M
 (
#
0
1
).
  
•
 
H
ig
h
 m
e
a
n
 s
e
a
 l
e
v
e
l 
p
re
ss
u
re
 (
M
S
LP
) 
w
it
h
 h
ig
h
 t
e
m
p
e
ra
tu
re
s 
re
su
lt
 i
n
 a
 h
ig
h
 
fr
e
q
u
e
n
cy
 o
f 
M
M
 (
#
0
2
).
  
•
 
Lo
w
 p
re
ci
p
it
a
1
o
n
 w
it
h
 h
ig
h
 M
S
LP
 a
n
d
 t
e
m
p
e
ra
tu
re
 r
e
su
lt
 i
n
 f
e
w
 M
M
 (
#
0
5
).
 
S
p
ri
n
g
 
•
 
Te
m
p
e
ra
tu
re
 
is
 
th
e
 
d
o
m
in
a
n
t 
co
n
tr
o
l 
o
n
 
th
e
 
fr
e
q
u
e
n
cy
 
o
f 
M
M
; 
w
it
h
 
h
ig
h
e
r 
te
m
p
e
ra
tu
re
s 
a
ss
o
ci
a
te
d
 w
it
h
 h
ig
h
e
r 
fr
e
q
u
e
n
cy
 o
f 
M
M
 (
#
2
5
 a
n
d
 #
1
8
),
 a
n
d
 l
o
w
 
te
m
p
e
ra
tu
re
s 
co
rr
e
la
1
n
g
 w
it
h
 l
o
w
 n
u
m
b
e
rs
 o
f 
M
M
 (
#
1
3
).
 
W
e
 d
e
m
o
n
st
ra
te
 a
 r
e
la
3
o
n
sh
ip
 b
e
tw
e
e
n
 r
e
g
io
n
a
l-
sc
a
le
 w
e
a
th
e
r 
a
n
d
 t
h
e
 i
n
ci
d
e
n
ce
 o
f 
m
a
ss
 
m
o
v
e
m
e
n
ts
 
(M
M
) 
in
 
th
e
 
E
u
ro
p
e
a
n
 
A
lp
s.
 
M
o
n
te
 
C
a
rl
o
 
si
m
u
la
3
o
n
 
h
a
s 
d
is
3
n
g
u
is
h
e
d
 
si
g
n
iﬁ
ca
n
t 
d
iﬀ
e
re
n
ce
s 
in
 
th
e
 
sy
n
o
p
3
c 
w
e
a
th
e
r 
ty
p
e
s 
b
e
tw
e
e
n
 
m
a
ss
 
m
o
v
e
m
e
n
t 
d
a
y
s 
(M
M
d
) 
a
n
d
 n
o
 M
M
 d
a
y
s 
in
 e
v
e
ry
 s
e
a
so
n
. 
A
s 
e
xp
e
ct
e
d
, 
M
M
 i
n
 t
h
e
 
su
m
m
e
r 
a
re
 d
o
m
in
a
te
d
 b
y
 e
it
h
e
r 
h
ig
h
 p
re
ci
p
it
a
1
o
n
 o
r 
a
 c
o
m
b
in
a
3
o
n
 o
f 
h
ig
h
 m
e
a
n
 
se
a
 
le
v
e
l 
p
re
ss
u
re
 
a
n
d
 
h
ig
h
 
te
m
p
e
ra
tu
re
s;
 
th
e
se
 
a
re
 
o
K
e
n
 
a
ss
o
ci
a
te
d
 
w
it
h
 
lo
w
 
p
re
ss
u
re
 s
y
st
e
m
s 
o
v
e
r 
th
e
 M
e
d
it
e
rr
a
n
e
a
n
 l
e
a
d
in
g
 t
o
 c
o
n
v
e
c3
v
e
 s
to
rm
s 
in
 t
h
e
 r
e
g
io
n
 
[4
,5
].
 
D
u
ri
n
g
 
th
e
 
sp
ri
n
g
, 
te
m
p
e
ra
tu
re
 
is
 
th
e
 
d
o
m
in
a
n
t 
co
n
tr
o
l,
 
w
it
h
 
h
ig
h
 
te
m
p
e
ra
tu
re
s 
b
e
in
g
 a
ss
o
ci
a
te
d
 w
it
h
 h
ig
h
 n
u
m
b
e
rs
 o
f 
M
M
 a
n
d
 l
o
w
e
r 
te
m
p
e
ra
tu
re
s 
fo
r 
lo
w
 M
M
; 
su
g
g
e
s3
n
g
 t
h
a
t 
M
M
 i
n
 t
h
e
 s
p
ri
n
g
 a
re
 d
o
m
in
a
te
d
 b
y
 m
e
lt
. 
 
F
ig
u
re
 2
. 
(c
e
n
tr
e
) 
T
h
e
 r
e
su
lt
s 
fr
o
m
 a
 M
o
n
te
 C
a
rl
o
 a
n
a
ly
si
s 
sh
o
w
e
d
 s
ig
n
iﬁ
ca
n
t 
d
iﬀ
e
re
n
ce
s 
in
 s
y
n
o
p
1
c 
w
e
a
th
e
r 
ty
p
e
s 
b
e
tw
e
e
n
 m
a
ss
 
m
o
v
e
m
e
n
t 
d
a
y
s 
a
n
d
 
d
a
y
s 
o
n
 w
h
ic
h
 t
h
e
re
 w
e
re
 f
e
w
 m
a
ss
 m
o
v
e
m
e
n
ts
. 
6
 s
y
n
o
p
3
c 
w
e
a
th
e
r 
ty
p
e
s 
(#
) 
a
re
 s
h
o
w
n
 h
e
re
 a
s 
th
e
y
 a
ll
 f
a
ll
 w
it
h
in
 t
h
e
 e
x
tr
e
m
e
 l
im
it
s 
o
f 
th
e
 9
5
%
 c
o
n
ﬁ
d
e
n
ce
 
in
te
rv
a
l 
a
n
d
 s
h
o
w
 e
it
h
e
r 
si
g
n
iﬁ
ca
n
tl
y
 h
ig
h
e
r 
o
r 
si
g
n
iﬁ
ca
n
tl
y
 l
o
w
e
r 
fr
e
q
u
e
n
ci
e
s 
o
f 
m
a
ss
 m
o
v
e
m
e
n
ts
 t
h
a
n
 e
xp
e
ct
e
d
. 
P
re
se
n
te
d
 
a
re
 
th
e
 
se
a
so
n
a
l 
m
e
a
n
 
se
a
 
le
v
e
l 
p
re
ss
u
re
 
(M
S
LP
),
 
p
re
ci
p
it
a
3
o
n
 
a
n
o
m
a
li
e
s 
(P
R
C
a
n
o
 
in
 
m
m
),
 
a
n
d
 
te
m
p
e
ra
tu
re
 
a
n
o
m
a
li
e
s 
a
t 
2
m
 
e
le
v
a
3
o
n
 
(2
m
Ta
n
o
 i
n
 °
C
) 
b
y
 s
y
n
o
p
3
c 
w
e
a
th
e
r 
ty
p
e
 (
#
) 
fo
r 
h
ig
h
 (
le
K
 2
 p
a
n
e
ls
) 
a
n
d
 l
o
w
 
m
a
ss
 
m
o
v
e
m
e
n
t 
d
a
y
s 
(r
ig
h
t 
p
a
n
e
l)
 
in
 
th
e
 
su
m
m
e
r 
(t
o
p
),
 
a
n
d
 
th
e
 
sp
ri
n
g
 
(b
o
6
o
m
).
 
F
ig
u
re
 1
. 
(a
b
o
v
e
) 
M
a
ss
 m
o
v
e
m
e
n
t 
lo
ca
3
o
n
s 
w
it
h
in
 t
h
e
 R
e
g
io
n
a
l 
In
v
e
n
to
ry
 (
re
d
 
p
o
in
ts
).
 D
0
6
 (
p
u
rp
le
) 
h
ig
h
li
g
h
ts
 o
n
e
 o
f 
th
e
 C
o
st
7
3
3
 s
y
n
o
p
3
c 
d
a
ta
 r
e
g
io
n
s.
 
M
a
ss
 m
o
v
e
m
e
n
ts
 p
re
se
n
t 
a
n
 i
m
p
o
rt
a
n
t 
g
e
o
m
o
rp
h
o
lo
g
ic
a
l 
h
a
za
rd
 
in
 
A
lp
in
e
 
re
g
io
n
s,
 
th
re
a
te
n
in
g
 
li
fe
, 
in
fr
a
st
ru
ct
u
re
 
a
n
d
 
p
ro
p
e
rt
y.
 
W
e
 p
re
se
n
t 
th
e
 d
e
v
e
lo
p
m
e
n
t 
o
f 
a
 n
e
w
 R
e
g
io
n
a
l 
In
v
e
n
to
ry
 f
o
r 
th
e
 
E
u
ro
p
e
a
n
 A
lp
s 
(F
ig
.1
) 
to
 p
ro
v
id
e
 a
 s
p
a
3
a
l 
a
n
d
 t
e
m
p
o
ra
l 
p
ic
tu
re
 o
f 
m
a
ss
 m
o
v
e
m
e
n
ts
 i
n
 t
h
e
 r
e
g
io
n
. 
T
h
e
se
 r
e
su
lt
s,
 f
ro
m
 a
 p
re
li
m
in
a
ry
 
a
n
a
ly
si
s 
o
f 
m
a
ss
 m
o
v
e
m
e
n
t 
fr
e
q
u
e
n
cy
 u
n
d
e
r 
d
iﬀ
e
re
n
t 
sy
n
o
p
3
c 
w
e
a
th
e
r 
ty
p
e
s,
 h
ig
h
li
g
h
t 
th
e
 s
e
a
so
n
a
l 
in
ﬂ
u
e
n
ce
 o
f 
re
g
io
n
a
l-
sc
a
le
 
w
e
a
th
e
r 
p
a
6
e
rn
s 
o
n
 m
a
ss
 m
o
v
e
m
e
n
ts
 i
n
 t
h
e
 r
e
g
io
n
. 
 
•
 
T
h
e
 R
e
g
io
n
a
l 
In
v
e
n
to
ry
 (
R
I)
 w
a
s 
co
m
p
il
e
d
 f
ro
m
 a
ca
d
e
m
ic
, 
in
d
u
st
ry
 &
 
o
n
li
n
e
 
so
u
rc
e
s,
 
co
v
e
ri
n
g
 
so
u
th
-w
e
st
 
F
ra
n
ce
 
&
 
S
w
it
ze
rl
a
n
d
 
(F
ig
.1
).
 
Im
p
o
rt
a
n
t 
m
e
tr
ic
s 
in
cl
u
d
e
 d
a
te
 &
 m
a
ss
 m
o
v
e
m
e
n
t 
(M
M
) 
cl
a
ss
iﬁ
ca
3
o
n
. 
C
h
a
n
g
e
 i
n
 r
e
co
rd
in
g
 f
re
q
u
e
n
cy
 o
v
e
r 
3
m
e
 w
a
s 
in
v
e
s3
g
a
te
d
 t
h
ro
u
g
h
 t
h
e
 
a
p
p
li
ca
3
o
n
 
o
f 
li
n
e
a
r 
se
g
m
e
n
te
d
 
m
o
d
e
ls
 
[1
],
 
w
it
h
 
th
e
 
la
st
 
b
re
a
k
 
re
p
re
se
n
3
n
g
 c
o
n
si
st
e
n
cy
 i
n
  
re
co
rd
in
g
; 
in
 a
ll
 c
a
se
s 
th
is
 w
a
s 
1
9
7
2
. 
•
 
B
ri
e
r 
S
k
il
l 
S
co
re
s 
(B
S
S
) 
[2
] 
w
e
re
 c
a
lc
u
la
te
d
 f
o
r 
a
ll
 C
O
S
T
7
3
3
 [
3
] 
sy
n
o
p
3
c 
w
e
a
th
e
r 
cl
a
ss
e
s 
(u
si
n
g
 Y
R
_
S
0
4
 d
a
ta
) 
a
cr
o
ss
 a
ll
 d
o
m
a
in
s 
(D
0
0
-D
1
1
) 
fo
r 
M
M
 o
cc
u
rr
e
n
ce
 d
u
ri
n
g
 t
h
e
 p
e
ri
o
d
 1
9
7
2
-2
0
0
2
. 
 
•
 
X
2
 t
e
st
s 
w
e
re
 c
a
rr
ie
d
 o
u
t 
b
e
tw
e
e
n
 m
a
ss
 m
o
v
e
m
e
n
t 
d
a
y
s 
(M
M
d
) 
a
n
d
 n
o
 
m
a
ss
 m
o
v
e
m
e
n
t 
d
a
y
s 
(n
o
 M
M
 r
e
co
rd
e
d
) 
fo
r 
th
e
 t
o
p
 C
O
S
T
7
3
3
 c
la
ss
. 
•
 
M
o
n
te
 C
a
rl
o
 s
im
u
la
3
o
n
 (
n
=
1
0
0
0
) 
w
a
s 
ca
rr
ie
d
 o
u
t 
o
n
 t
h
e
 t
o
p
 C
O
S
T
7
3
3
 
cl
a
ss
 f
o
r 
a
ll
 M
M
 t
o
 i
d
e
n
3
fy
 t
h
e
 m
o
st
 l
ik
e
ly
 (
&
 u
n
li
ke
ly
) 
w
e
a
th
e
r 
ty
p
e
s 
fo
r 
M
M
 o
cc
u
rr
e
n
ce
 a
cr
o
ss
 t
h
e
 s
e
a
so
n
s.
  
R
e
su
lt
s 
2
 
F
u
rt
h
e
r 
re
se
a
rc
h
, 
u
si
n
g
 t
h
e
 R
I 
d
e
v
e
lo
p
e
d
 f
o
r 
th
is
 s
tu
d
y,
 w
il
l 
p
a
r3
3
o
n
 t
h
e
 R
I 
b
a
se
d
 o
n
 d
iﬀ
e
re
n
ce
s 
in
 
g
e
o
lo
g
y
 a
n
d
 t
o
p
o
g
ra
p
h
y
 t
o
 d
e
te
rm
in
e
 t
h
e
 r
e
la
3
o
n
sh
ip
 b
e
tw
e
e
n
 s
y
n
o
p
3
c 
w
e
a
th
e
r 
ty
p
e
s 
a
n
d
 m
a
ss
 
m
o
v
e
m
e
n
ts
 u
n
d
e
r 
d
iﬀ
e
re
n
t 
co
n
d
i3
o
n
s.
 W
e
a
th
e
r 
ty
p
e
s 
in
 t
h
e
 p
re
ce
d
in
g
 s
e
a
so
n
 a
n
d
 t
h
e
 i
n
te
n
si
ty
 
o
f 
in
d
iv
id
u
a
l 
p
re
ci
p
it
a
3
o
n
 e
v
e
n
ts
 m
a
y
 a
ls
o
 a
ﬀ
e
ct
 b
o
th
 m
a
ss
 m
o
v
e
m
e
n
t 
fr
e
q
u
e
n
cy
 a
n
d
 m
a
g
n
it
u
d
e
. 
T
h
is
 
w
il
l 
a
id
 
o
u
r 
u
n
d
e
rs
ta
n
d
in
g
 
o
f 
th
e
 
p
o
te
n
3
a
l 
im
p
a
ct
 
o
f 
fu
tu
re
 
cl
im
a
te
 
ch
a
n
g
e
 
o
n
 
m
a
ss
 
m
o
v
e
m
e
n
t 
ri
sk
s 
in
 t
h
e
 A
lp
s.
  
W
e
 t
h
a
n
k
 L
lo
y
d
s 
o
f 
Lo
n
d
o
n
 f
o
r 
fu
n
d
in
g
 t
h
e
 r
e
se
a
rc
h
. 
W
e
 a
ls
o
 t
h
a
n
k
 J
o
n
 B
e
n
n
ie
 f
o
r 
d
is
cu
ss
in
g
 
th
is
 r
e
se
a
rc
h
, 
a
n
d
 J
.P
. 
M
a
ll
e
t 
a
n
d
 N
. 
H
il
k
e
r 
(W
S
L)
 f
o
r 
p
ro
v
id
in
g
 d
a
ta
. 
  
 
